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Abstract 
Pesticides remain a necessary component of many agricultural 
systems and used judiciously they can play an important role in Integrated 
Pest Management (IPM) programmes. The aim of the present study was to 
investigate factors influencing the differential toxicity of insecticides against a 
cosmopolitan insect pest of crucifer crops, the diamondback moth, Plutella 
xylostella, and its respective hymenopteran parasitoid, Cotesia vestalis. Such 
knowledge can help in the effective use of insecticides with biological control 
agents in IPM.  Three insecticides regarded as being compatible with some 
natural enemies (abamectin, spinosad, indoxacarb) and a compound 
generally regarded as harmful to natural enemies (lambda-cyhalothrin) were 
examined. Similar tests were also carried out with the peach potato aphid 
Myzus persicae and its parasitoid Aphidius colemani due to the loss of the 
Cotesia vestalis culture. A comparative measure of the intrinsic toxicity of 
fresh deposits (Day 0) of insecticides on Chinese cabbage was determined for 
both pest and parasitoid species. Lambda-cyhalothrin and abamectin were 
the most toxic compounds against both pests and their parasitoids, while 
indoxacarb and spinosad were less toxic. Residual bioassays were conducted 
using sprayed plants maintained under glasshouse conditions for 0-28 days 
after insecticide application. Results indicated lambda-cyhalothrin was the 
most persistent compound and abamectin and spinosad the least persistent. 
A leaf wax stripping technique was used with bioassays to compare the 
distribution of insecticide residues between the epicuticular wax layer and 
underlying leaf tissues. Wax removal significantly reduced the toxicity of all 
insecticides. No-choice and choice behavioural assays were conducted for 
both parasitoid species with leaf discs treated with LC5 and LC50 levels of 
insecticides. Both parasitoids tended to avoid insecticide-treated leaves, 
giving preference to untreated leaves or the arena. Emergence of adult 
parasitoids from cocoons/mummies on insecticide-treated leaves was not 
significantly different from untreated controls. The results are discussed in 
terms of the bioavailability of insecticides to phytophagous and non-
phytophagous insect species. 
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CHAPTER 1: Introduction 
 
1.1 Background to present study 
Pesticides are used in agricultural cropping systems primarily to 
regulate arthropods, weeds and fungi (Cloyd, 2012). The widespread and 
intensive use of conventional pesticides, particularly insecticides, presents 
major toxicity risks to the target pest’s natural enemies as well as to the 
environment in general (Johnson and Tabashnik, 1991). Overuse of 
pesticides can result in many ecological problems including, resistance, 
secondary pest outbreaks and pest resurgence due to a reduction in natural 
enemies (DeBach, 1974; Cloyd, 2012). Systemic insecticides, which are 
usually applied in the early stages of plant growth, are often persistent within 
plants and can also have a harmful effect on some other beneficial insects, 
notably pollinators (Johnson et al., 2009). The detrimental impact of pesticides 
on beneficial arthropods, including natural enemies, has been of great 
concern for many years and has been the subject of a large number of studies 
(see Croft, 1990; Haynes, 1998; Thompson, 2003). In Europe, North America 
and many other parts of the world, the testing of a novel pesticide for potential 
harmful effects against beneficial organisms is now a compulsory step for 
registration (WHO, 2013).  
In Integrated Pest Management (IPM) emphasis is given to the 
contribution of indigenous natural enemies to control pest population density 
(Hajek, 2004), with pesticides used as a last resort according to economic 
thresholds (Europeon Commission, 2014). The real challenge for IPM is to 
minimise the use of pesticides, particularly insecticides by maximising the role 
of natural control measures and cultural practices. This can sometimes be 
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achieved through conservation measures but may also require the release of 
indigenous or non-indigenous natural enemies (Johnson and Tabashnik, 
1999; Furlong and Zalucki, 2010).  
Maximising the efficacy of pesticides as part of IPM programmes 
requires a thorough understanding of how such compounds interact with 
natural enemies. This requires assessing the effects of pesticides on the 
behaviour, physiology and population dynamics of natural enemies, at all 
stages of their life cycle (Desneux et al., 2006). 
High value cash crops for industrial use (e.g. cotton) or human 
consumption (e.g. vegetables) have been areas where problems associated 
with overuse of pesticides have been particularly manifest (Zhao et al., 2002).  
One such example is control of the diamondback moth, Plutella xylostella L. 
(Lepidoptera: Plutellidae) on brassica crops (Sayyed et al., 2004; Badii et al., 
2013; Furlong et al., 2013).  
Brassica and other crucifer crops have long been used for their 
medicinal values as well as for a food source (Amoako et al., 2012), 
possessing, for example, anti-inflammatory and anti-cancer activity (Allen and 
Allen, 2009) and are important crops worldwide.    
Plutella xylostella is the most important pest of brassica and other 
crucifer crops in many regions of the world, particularly in the tropics and sub-
tropics, and has become particularly difficult to manage because of its ability 
to develop resistance rapidly to pesticides (Li et al., 2007; Santos et al., 2011; 
Furlong et al., 2013).  This ability is in part due to its relatively short life cycle 
(c. 14-28 days depending on temperature), high fecundity and to its being a 
brassica specialist (Talekar and Shelton, 1993; Furlong et al., 2013).  Plutella 
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xylostella has the ability to migrate between and reproduce in different climatic 
zones and with the cultivation of crucifer crops worldwide has become 
cosmopolitan in its distribution (Chapman et al., 2002).  
Overuse of insecticides against P. xylostella has resulted in damaging 
effects on its natural enemies, including Cotesia vestalis (Haseeb and Amano, 
2002). Cotesia vestalis Kurdjumov (syn. C. plutellae) (Hymenoptera: 
Braconidae) is a key solitary larval endoparasitoid of P. xylostella (Haseeb et 
al., 2004) and parasitizes all four larval instars of P. xylostella, preferring the 
second and third instars (Shi et al., 2001). It has been observed that some 
insecticides (e.g. the pyrethroid, fenvalerate) are much more active against 
adults of C. vestalis compared with their effects on larvae of P. xylostella 
(Yuanxi et al., 2002). Contact toxicity of some insecticides can be relatively 
low to the cocoon stage of C. vestalis but moderately to extremely toxic to the 
adult stage (Haseeb and Amano, 2002).  
The peach-potato aphid, Myzus persicae (Sulzer) (Hemiptera: 
Aphididae) is a cosmopolitan and major pest of many crops with over 400 
known plant hosts, including brassicas (Kim et al., 2005). It damages the plant 
directly by feeding or indirectly as a virus vector (Askarianzadeh et al., 2013). 
As in the case of P. xylostella, overuse of insecticides against M. persicae can 
cause destruction of beneficial insects (Haskell and McEwen, 1998). 
Parasitoids, mainly Aphididae, are key natural enemies of M. persicae 
(Blumel, 2004).  
Aphidius colemani (Hymenoptera: Braconidae) is an oligophagus 
endoparasitoid of M. persicae and about 40 other aphid species (Tomanovic 
et al., 2012), which originated in South Asia but now is widely distributed 
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(Starý, 1975; Kavallieratos et al., 2010; Tomanovic et al., 2012). Aphidius 
colemani is commercially available in Europe, including the UK (Goh et al., 
2001; Boivin et al., 2012).  
 
1.2 Insecticides 
Currently, many insecticides with a relatively narrow spectrum of activity 
are marketed against specific groups of insect pests (Koul and Cuperus, 
2007). These compounds, the so-called ‘selective insecticides’, can be far 
less harmful to beneficial insects, including natural enemies (Furlong et al., 
2013). Such selective insecticides that are used widely against P. xylostella 
include indoxacarb, methoxyfenozide, emamectin benzoate (Cardwell et al., 
2005), abamectin (Shi et al., 2004) lambda-cyhalothrin, Bacillus thuringiensis 
and spinosad (Haseeb et al., 2004; Biondi et al., 2013). Selective insecticides 
intensively used to control M. persicae include, pirimicarb, carbaryl, 
methamedophos (Scott and Zane, 1980), clothianidin, dinotefuran, 
imidacloprid, nitenpyram, thiacloprid, thiamethoxam  (Tomizawa and Casida, 
2005), lambda-cyhalothrin (Desneux et al., 2003) and a combination of δ-
endotoxin from Bacillus thuringiensis with abamectin, a new type of  biocide 
has also been reported to be effective against M. persicae (Liu et al., 2003). 
With the availability of a large number of commercial insecticides, the present 
study was undertaken to compare toxicity of lambda-cyhalothrin (generally 
regarded as toxic to natural enemies) with abamectin, indoxacarb and 
spinosad (selective against natural enemies).  
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1.3 Aims and objectives of present study 
The present study aims to investigate the factors influencing the 
differential toxicity of a range of insecticides against P. xylostella, M. persicae 
and their respective parasitoids, C. vestalis and A. colemani. Such knowledge 
can help inform the effective use of insecticides with biological control in IPM 
systems.  
Two crucifer – insect – parasitoid systems were chosen for the present 
study for a number of reasons: 1) they are convenient laboratory systems that 
can also be studied easily under field conditions; 2) crucifers are valuable 
crops worldwide that are often subjected to excessive chemical pesticide 
treatments; 3) crucifers have dominant cosmopolitan insect pest species, P. 
xylostella and M.  persicae which have well-studied natural enemies. 
 
The objectives of the present study are: 
1. To obtain a comparative measure of the intrinsic toxicity of fresh deposits 
(Day 0) of various insecticides on Chinese cabbage leaf discs against 
parasitoids and pests under optimal exposure conditions for the pesticide.  
2. To use the above assay system to determine how the toxicity of insecticide 
residues on sprayed plants changes with age of pesticide deposit against 
both parasitoid (contact activity) and pests (contact and stomach activity).  
3. To investigate the hypoyhesis that surface wax on plant leaves is the 
major barrier for the transport of chemicals, and greatly influences the 
uptake and availability of insecticide that has been applied to leaf surfaces 
by the insects.  From the data (from 2 above), determine the impact of 
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stripping the leaf wax from leaf surfaces on the mortality of the parasitoid 
and pest insect.  
4. To test the hypothesis that currently used insecticides are harmful both 
directly and indirectly to beneficial insects and the implications for possible 
management of pest populations of cabbage crops, the sub-lethal effect of 
insecticide residues on Cotesia vestalis and Aphidius colemani, the 
parasitoids of Plutella xylostella and Myzus persicae respectively was 
investigated. 
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CHAPTER 2: Literature Review 
 
2.1 Overview 
With increasing human population, demand for food crops has also 
increased (Douglas, 2009). Chemical pesticides continue to play an important 
role in increasing crop production (Bennett et al., 2013), and most farmers 
throughout the world use them. At the same time, over-reliance on chemical 
pesticides with their associated risks (below) has led to the development of 
pest and disease management practices that do not rely on pesticides alone. 
According to the International Code of Conduct on Pesticide Management 
(WHO, 2013): “Pesticides play an important role in plant protection but in 
many cases, overuse and other inappropriate use has actually exacerbated 
pest problems through destructive effect on natural control mechanisms and 
development of pesticide resistance”. Risks related to pesticides include 
toxicological effects, particularly to growers, crop residue problems, 
environmental impact, such as killing of natural enemies and other non-target 
organisms, and the development of resistance in pest populations (Matthews 
et al., 2014).  
One of the most valuable groups of food crops worldwide are members 
of the Brassicaceae, particularly the genus Brassica. Cabbages and other 
brassicas have long been used for medicinal as well as food purposes 
(Amoako, 2012). One of the constraints to production of Brassica crops is 
heavy infestation by insects, including P. xylostella, the cabbagehead 
caterpillar, Crocidolomia binotalis L., flea beetles, Phyllotreta spp., the 
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common cutworm, Spodoptera litura (Lepidoptera: Noctuidae) and various 
aphid species (Buchholz and Nauen, 2002).  
The most important cosmopolitan insect pests of Brassica crops are P. 
xylostella (Sarfraz and Keddie, 2005; Furlong et al., 2013; Liu et al., 2014) 
and aphids, in particular the cabbage aphid, Brevicoryne brassicae L. 
(Hemiptera: Aphididae) and the generalist aphid species, M. persicae (Baker, 
1994; Cole, 1997). To control these pests insecticides are often still required 
where brassicas are grown as cash crops. Frequent applications over a 
prolonged period have resulted not only in the development of resistance in P. 
xylostella and M. persicae but also destruction of their natural enemies, 
including parasitoids (Van Toor et al., 2009; Furlong et al., 2013; Liu et al., 
2014).  
Many species of hymenopteran parasitoids have been reported to 
attack P. xylostella (Furlong et al., 2013), and among these larval parasitoids 
are regarded as the most effective as biological control agents (Bopape et al., 
2014). Many hymenopteran parasitoids of aphids have been identified; almost 
all are endoparasitoid belonging to the Aphidiinae (Foster et al., 2007), a 
group with 60 genera and sub genera and over 400 described species (Stary, 
1975). 
 
2.2 Pesticides, pests and risk 
A pesticide is any agent that can be used to prevent, mitigate or to 
destroy pests (US EPA, 2013). Pesticides can include both chemical 
pesticides and microbial agents (ACP, 2012). An estimated loss of 14% in 
crop yield is estimated to be caused by insect pests annually, compared with 
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a 13% loss due to plant pathogens, and a 13% loss due to weeds (Pimentel 
2009). The global population is expected to rise further by 2050 (Figure 2.1; 
UN DESA, 2004), increasing world food demand (FAO, 2002). This may result 
in a corresponding increase in the use of pesticides (Figure 2.2; Matthews et 
al., 2014) (Tilman et al., 2001), although with more emphasis on IPM, the use 
of pesticides should be considered as a last resort. 
 
 
 
 
 
 
 
 
Figure 2.1 World and different continents estimated population levels between 
1950 and 2050. 
(http://en.wikipedia.org/wiki/Projections_of_population_growth). 
 
 
 
 
 
 
 
Figure 2.2 Global increase in pesticide use in $ billion. 
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Pesticide usage has increased in many tropical countries, where there 
has been less control of their use in a hot climate where farmers often do not 
have protective clothing. Under these conditions, there have been more 
people adversely affected by exposure to the more toxic pesticides (WHO, 
2013).  One major problem is that the amount of applied pesticides reaching 
the targeted pest is usually low compared with the amount contaminating the 
environment; leading, for example, to side effects on non-target organisms, 
including beneficial insects.  If pesticides are not applied accurately, there can 
also be unacceptable levels of pesticide residues in crop produce (Matthews, 
2006).  Residues of persistent organic pesticides, e.g. DDT accumulate in 
food webs and ultimately cause negative impacts in both terrestrial and 
aquatic ecosystems (Hamilton and Crossley, 2004).  
 
2.3 Brassica vegetables 
Vegetable crops cover 1.1% of agriculture land worldwide (FAOSTAT, 
2011) and can be particularly valuable sources of income and nutrition.  
Members of the brassica group of vegetables (Brassicaceae) are cultivated 
throughout the world. China tops the world rankings for production of 
cabbages and other brassicas, with a total of 31,750,000 Metric Tonnes in 
2011 (FAOSTAT, 2011). 
Brassica crops such as cabbage, kale, broccoli, cauliflower and bok 
choy are good sources of vitamins and minerals, and serve as cash crops in 
many part of the world, especially among lower income groups 
(Manyangarirwa et al., 2006). Other benefits linked with consumption of 
brassicas include a reported significant inverse relationship between Brassica 
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vegetable intake and lung cancer risk among smokers and between 
consumption of brassicas and prostate cancer (Tang et al., 2010). Brassicas 
have also been reported to have beneficial effects on the thyroid gland 
(Fowke et al., 2001). 
 
2.4 Pests of brassica vegetables 
Brassica crops are attacked by a variety of insect pests (Amoako, 
2012), including various Hemiptera species, e.g. Bagrada hilaris (Hemiptera: 
Pentatomidae) native to Africa, India, Pakistan and other Asian countries and 
now been introduced to various western countries including south-western 
deserts of the United States of America (Reed et al., 2013), Brevicoryne 
brassicae (Hemiptera: Aphididae) originated in Europe but is worldwide 
distributed and has been mainly reported in Canada, The Netherlands, South 
Africa, India and China (Gill et al., 2013), Myzus persicae (Hemiptera: 
Aphididae) originated in Asia and is worldwide distributed (Zhang et al., 2008) 
briefly discusses in section 2.9, Diptera e.g. agromyzid leafminer species 
found throughout the world including Europeon countries such as Germany, 
Belgium and also been recorded in the United States of America (Spencer, 
1973), and Lepidoptera species, e.g. Pieris brassicae (Lepidoptera: Pieridae) 
available throughout Europe, north Africa, Asia and migrated to the Great 
Britain from the continents , with a chance to spread throughout Australia and 
New Zealand (Moore, 2010), Hellula undalis (Lepidoptera: Crambidae) is a 
major pest in the lowland Malaysia and is distributed in the tropical region 
including their presence in temperate regions where brassica crops are grown 
(Sivapragasa and Chua, 1997), Crocidolomia binotalis (Lepidoptera: 
  
26 
 
Crambidae) is distributed in highland tropics of the world, principally in 
Australia, India, Indonesia and Thailand (Othman, 1982), Trichoplusia ni 
(Lepidoptera: Noctuidae) found in the southern Palaearctic ecozone, parts of 
Africa, Europe and all over North America, Spodoptera litura (Lepidoptera: 
Noctuidae)  abundant in the tropical and temperate Asia, Australia and the 
Pacific Islands (Feakin 1973) Pieris rapae (Lepidoptera: Pieridae) widely 
distributed across Europe, Asia, and North Africa (Scudder, 1987) and P. 
xylostella distributed in tropics and sub-tropics (Wei et al., 2013) brief detail is 
given below in section 2.5.   
The high market value of many Brassica crops worldwide has led to an 
excessive application of pesticide sprays, particularly against P. xylostella, 
leading to problems of resistance, pest resurgence and toxic residues 
(Talekar and Shelton, 1993; Verkerk and Wright, 1997; Gelernter and Lomer, 
2000; Furlong et al., 2013; Liu et al., 2014). 
 
2.5 Plutella xylostella  
Plutella xylostella was recorded for the first time in 1746 (Harcourt, 
1962). It is a highly destructive pest of Brassica vegetables, Its host plants 
include a wide range of Brassica vegetables, such as mustard, kale, broccoli 
and particularly cabbages (Sarfraz et al., 2006; Sharma et al., 2007). The 
development of P. xylostella is highly dependent upon temperature (Bahar et 
al., 2014). The development of each stage can be increase with a decrease in 
temperature (Bahar et al., 2012). There can be more than 20 generations per 
annum in the tropical lowlands of Southeast Asia (Talekar and Shelton, 1993).  
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The Plutella xylostella life cycle consists of egg, larva, pupa and adult 
(Faithpraise et al., 2014). Adult females lay 11-118 eggs over about a 10-day 
period from shortly after mating (Talekar and Shelton, 1993). The eggs are 
oval and flattened (0.44 x 0.26 mm), and are laid either singly or in small 
clusters along the veins of both the upper and lower sides of leaves (Ho, 
1965). Egg hatch, mainly influenced by temperature, occurs in 5-6 days but 
this depends on temperature (Talekar and Shelton, 1993). 
There are four larval instars; their duration is influenced by temperature 
(Lu et al., 1988). During the summer season in Canada the duration of 
development from 1st to 4th instar larva lasts for 4, 4, 5, and 5.6 days 
respectively (Harcourt, 1954), with the fourth larval instar c. 1 cm in length. 
The first larval instar is a leafminer, the remaining three larval instars feeding 
on the surface of the leaf (Branco et al., 2001).  
Pupae are c. 8 mm in length, yellowish in colour and are wrapped in a 
loose silken cocoon; the pupal stage lasts for 5-15 days, depending upon the 
temperature (Bahar et al., 2014).  
The adult moths have a wingspan of c. 15 mm and body length of c. 6 
mm. Their fore wings are brownish-grey with fine dark speckles. The posterior 
margin of the wings has a creamy coloured stripe with a wavy edge, which 
can form a light coloured diamond shape - the basis for the common name of 
this species. With a temperature from 40C to 370C adult moths live on 
average for about 17 to 4 days, respectively (Bahar et al., 2014).  
The total developmental time from egg to pupae is 14-28 days, 
depending on temperature, with an increase in population size of up to 60-fold 
from generation to generation (De Bortoli et al., 2011). 
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Plutella xylostella is generally thought to have originated in Asia Minor 
and migrated worldwide with the introduction of brassica crops (Figures 2.3; 
2.4, Carter, 1984; Shelton et al., 2001). The moths are weak flyers but are 
readily carried by prevailing winds and are thus highly dispersive. Plutella 
xylostella has continuous generations in the tropics and sub-tropics (Wei et 
al., 2013) but in the more southerly and northerly parts of its range (e.g. 
Argentina, Scandinavia, Northern Japan and Canada), it cannot over-winter 
(Dosdall et al., 2001). In these areas, pest outbreaks are thought to be due to 
long distance migration (Chapman et al., 2002). Whether P. xylostella 
overwinters in some more temperate regions of the world, such as South-
eastern Australia remains controversial (Gu et al., 2010).  
 
 
 
 
Figure 2.3 Distribution of Plutella xylostella worldwide  
http://www.dfid.gov.uk/r4d/PDF/Outputs/CABI/CabbageManualPart1.pdf.  
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Figure 2.4 Distribution and damage by Plutella xylostella in Palearctic zone 
 [after Ovsyannikova et al., 2004] 
 
 
 
2.6 Chemical control of Plutella xylostella 
 Some of the insecticides that have been used in Asian countries like 
Pakistan to control P. xylostella on cabbage, include abamectin, acephate,  
chlorfluazuron,  cyfluthrin,  cypermethrin, lambda-cyhalothrin and spinosad 
(Abro et al., 2013) and in Malaysia some of the insecticides marketed to 
control P. xylostella on Brassica crops include acephate, methamidophos, 
bendiocarb, Bacillus thuringiensis (Bt), diflubenzuron, spinosad, indoxacarb 
and fipronil (Mohamad et al., 1979; Verkerk and Wright, 1997) .  
In Brassica crops, loss of marketable crop is caused by the larval 
stages of P. xylostella, which results in not only loss of quality of the crop but 
also quantity and cosmetic value (Talekar and Hu, 1996). Economic loss can 
be up to 100% (Calderon and Hare, 1986). The ability of P. xylostella to 
develop resistance to a wide variety of insecticides is one of the major factors 
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contributing to the economic importance of this pest species (Chapman et al., 
2002, 2003; Furlong et al., 2013).   
From 1947 to the present day most farmers have relied on chemical 
sprays to control P. xylostellla on cash crops (Sibanda et al., 2000; Johnson 
et al., 2009; Furlong et al., 2013; Liu et al., 2014). The cost of pesticides used 
against P. xylostella alone has been estimated at US $1 billion annually with 
an estimated combined management cost, including yield loss, at US $4-5 
billion (Furlong et al., 2013). The situation is particularly serious in parts of 
Asia and in Africa, where, due to lack of knowledge, farmers often rely on 
insecticides which are old, broad spectrum, highly toxic to natural enemies 
and the environment (Rauf et al., 2004; Badenes-Perez and Shelton, 2006). 
 Another alarming fact is that most of the small scale farmers (survey 
report in Zimbabwe, 1997) apply insecticides to the brassica crops using a 
knapsack or compression sprayer with little or no training, having no 
protective clothing on. They usually use high volumes of water to dilute the 
insecticide and add a surfactant/adjuvant to improve wetting of the difficult–to-
wet leaf surfaces. When the dilute spray has apparently had little effect 
(possibly due to poor underleaf coverage), they spray sometimes every 2-3 
days. It is the frequent applications over several weeks that has led to rapid 
selection of resistance pests and killed the natural enemies (Sibanda et al., 
2000)  
Prolonged and intensive use of insecticides has led to the development 
of resistance in populations of P. xylostella in the tropics and sub-tropics. 
Plutella xylostella was the first insect pest of crops to show resistance against 
DDT (Ankersmit, 1953) and the first insect pest to show field-based resistance 
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to Bacillus thuringiensis (Bt) - based insecticidal sprays (Furlong et al., 2013; 
Bopape et al., 2014).  
Farmers often make the problem of resistance worse by increasing the 
dose and frequency of chemical applications as insect control declines 
(Furlong et al., 2013). These activities have resulted in reports of widespread 
resistance in P. xylostella to almost all major groups of pesticides (Furlong et 
al., 2013; Gong et al., 2013), including pyrethroids (Liu et al., 2000), 
organophosphates (Xia et al., 2008), insect growth regulators (Ismail and 
Wright, 1991), Bacillius thuringensis (Raymond et al., 2013), and many newer 
types of insecticides (Sarfraz and Keddie, 2005; Ridland and Endersby, 
2011). The situation has often become worse due to the migratory ability of P. 
xylostella (Wang et al., 2005; Li et al., 2006; Saw et al., 2006).  
With the development of resistance in populations of P. xylostella, 
farmers have often resorted to adding new products to existing ones, applying 
mixtures of compounds, where resistance may already exist, a practice which 
often appears to have made the situation worse, particularly when selective 
products, less damaging to natural enemies, are mixed with broader-spectrum 
compounds (Furlong et al., 2013).  
The high level of selection pressure through overuse of insecticides on 
brassica vegetables, combined with the short generation time and high 
fecundity of P. xylostella are major factors in the development of resistance in 
P. xylostella (Furlong et al., 2013).  
Various attempts to introduce parasitoid natural enemies of P. 
xylostella have been reported but most have been compromised by the 
continued use of non-selective insecticides (Verkerk and Wright, 1997; 
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Furlong et al., 2013). The negative effects of many insecticides have been 
widely reported, including the risk to human health, the environment and the 
killing of natural enemies (Haseeb et al., 2004; Bommarco et al., 2011; Liu et 
al., 2014) and this has led to attempts worldwide to develop sustainable IPM 
programmes against P. xylostella, including reduced use of insecticides, 
combined with other strategies, including biological control (Sarfraz et al., 
2006; Goulart et al., 2012; Furlong et al., 2013). Hymenopteran parasitoids 
are known to be particularly effective in reducing damage by P. xylostella (Kfir 
and Thomas, 2001).  
  
2.7 Biological control of Plutella xylostella 
Biological control is the beneficial action of predators, parasites, 
pathogens, and competitors in controlling pests and their damage (Flint and 
Dreistadt, 1999).  
The role of natural enemies in controlling pests is an important one, 
especially where insecticides have failed (Talekar and Yang, 1991; Talekar 
and Shelton, 1993). In cases where naturally occurring biological control is not 
enough to maintain pest populations below an economic threshold level for 
crop damage, the manipulation of biological control by farmers and growers 
can enhance pest management.  
There are three basic tactics for biological control: Classical; 
Conservation and Enhancement; and Augmentation (Figure 2.5). The 
introduction of a non-indigenous natural enemy of an introduced pest species 
is referred to as Classical biological control (Van Driesche and Bellows, 
1996). Conservation and enhancement, which is the most frequently used 
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tactic in IPM is defined as actions to preserve and increase indigenous natural 
enemies by environmental manipulation (Debach, 1964; Ehler, 1998). 
Augmentation is defined as the process which aims to increase the population 
size of indigenous natural enemies either by propagation and release or by 
environmental manipulation (DeBach, 1964). 
 
 
 
 
Figure 2.5 Three tactics for using natural enemies (after Flint and Dreistadt, 
1999) 
 
The use of biological agents against P. xylostella has been widely 
reported (e.g. Kfir, 1997; Sarfraz and Keddie, 2005; Macharia et al., 2005; 
Furlong et al., 2013). The first attempts at classical biological control of P. 
xylostella were in New Zealand with the introduction of Diadegma 
semiclausum (Hellen) (Hymenoptera: Ichneumonidae), a solitary larval 
endoparasitoid, from the UK (Hardy, 1938). During 1999, in the South Atlantic 
Ocean with the introduction of C.vestalis and the pupal parasitoid, Diadromus 
collaris Gravenhorst (Hymenoptera: Ichneumonidae) successful control of P. 
xylostella been accomplished (Kfir, 2005). During 1984 successful control of 
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P. xylostella in Southeast Asia (Indonesia) with introduction of Diadegma 
eucerophaga Horstman (Hymenoptera: Ichneumonidae) had been reported 
(Sastrosiswojo and Sastrodihardjo, 1986). Failure to biological control is often 
correlated to the pesticide use in the vicinity, such as in South Africa P. 
xylostella control in past been contributed to the natural occurring biological 
control agents such as C. vestalis (Kfir, 1997) with a later outbreak of P. 
xylostella, as a result of indiscriminate use of insecticides and resistance 
against pyrethroids, organophosphates and carbamates (Waladde and Leutle, 
2001).   
Over 130 parasitoid species are known to parasitise P. xylostella 
(Sarfraz et al., 2005). The parasitoid species reported to give the most 
effective control being within the ichneumonid genus, Diadegma; the braconid 
genera, Microplitis and Cotesia; and the eulophid genus, Oomyzus (Sarfraz et 
al., 2006).  
To control P. xylostella using an egg parasitoid requires frequent 
releases of large numbers of the parasitoids (Talekar and Shelton, 1993) and 
they are not always host specific (Mason and Huber, 2002). Larval parasitoids 
are reported to give much better control against P. xylostella (Furlong et al., 
2013). 
One of the key larval endoparasitoids of P. xylostella, C. vestalis can 
reach very high levels of parasitism (Verkerk and Wright, 1997).  When used 
together, C. vestalis and Diadegma spp. were reported to result in 90% 
parasitism of P. xylostella in Ethiopia (Ayalew and Ogol, 2006). Sometimes 
biological control can be effective by itself for control of insect pests but more 
usually several methods must combined in an IPM programme for optimal 
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pest control (Flint and Dreistadt, 1999). Combining biological and chemical 
strategies can, however, prove difficult, as more non-selective/broad spectrum 
insecticides such as organophosphates, carbamates and pyrethroids can kill 
both the pest and its natural enemies (Furlong and Wright, 1993; Xu et al., 
2001; Furlong et al., 2013).  
 
2.8 Cotesia vestalis 
Cotesia vestalis is an important endolarval parasitoid of P. xylostella 
(Haseeb and Amano, 2002; Rincon et al., 2006). It is believed to have 
originated in Europe and has, to at least some extent, spread with its host P. 
xylostella (Talekar and Shelton, 1998), including to China (Liu et al., 2000), 
Pakistan (Mushtaq and Muhyuddin, 1987) and India (Joshi and Sharma, 
1974) – but see also below. In most parts of the world C. verstalis is more 
abundant in lowlands and compared with some other parasitoids, such as 
Diadegma spp. is relatively heat tolerant (Verkerk and Wright, 1997). In South 
Africa it is abundant in both lowland and highland regions (Kfir, 1997; 
Waladde et al., 2001).  
Cotesia vestalis is a solitary endoparasitoid of P. xylostella (one 
individual develops per host) (Sarfraz and keddie, 2005). C. vestalis 
development is effected by photoperiod and temperature (Ahmed et al., 
2007). At 25 ± 1ºC and 60-65% RH egg maturation occurs in two days. C. 
vestalis has three larval instars, the first two instars molt inside their host body 
and the third emerge out to spin a cocoon. Under the same conditions 1st, 2nd 
and 3rd instars takes 2, 5 and 1 day to develop respectively (Yu et al., 2008).  
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As a kinobiont parasitoid, C. vestalis allows the host to continue to 
develop although the host is eventually killed prior to parasitoid emergence; 
all four larval instars of P. xylostella can be parasitized, but the second and 
third instar is the preferred host for parasitism by the female parasitoid C. 
vestalis (Liu et al., 2014), Superparasitism, the nutritional status of the host 
after parasitism, and the extent of resistance to insecticide affect the biology 
of C. vestalis (Li et al., 2007).  
Field and laboratory evidence suggests that C. vestalis is less sensitive 
to some insecticides compared with other parasitoids of P. xylostella, 
particularly Diadegma spp. (Furlong and Wright, 1994; Verkerk and Wright, 
1997; Shi et al., 2004). For example, while some insecticides show moderate 
to high toxicity against C. vestalis (Haseeb and Amano, 2002; Liu et al., 2014; 
Bopape et al., 2014), the avermectin, abamectin which shows high toxicity 
towards Oomyzus sokolowskii (Hymenoptera: Eulophidae) (a larval–pupal 
endoparasitoid of P. xylostella), was found to show very little toxicity to C. 
vestalis (Shi et al., 2004). According to Liu et al. (2000), Cotesia and Plutella 
can exhibit the same mechanism of resistance to pyrethroid insecticides and 
reports of field resistance against pyrethroids been reported for C. vestalis in 
South Africa (Smith and Villet, 2004). 
As mentioned above, there is evidence of long distance migration of P. 
xylostella (Xing et al., 2013) but this does not apply to its parasitoids. This 
could be one reason for the lack of effective control of P. xylostella by 
parasitoids, particularly in regions where P. xylostella cannot overwinter. A 
more generally applicable reason is the continued use of broad-spectrum 
insecticides that are harmful for non-target organisms (Stapel et al., 2000).  
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There is, however, evidence that the introduction of parasitoids can 
reduce damage by P. xylostella (Talekar and Shelton, 1993; Kfir and Thomas, 
2001). Generally, parasitoids are host specific and parasitize the host in a 
density dependent manner (Annecke and Moran, 1982), and when exploited 
successfully this can be an effective way to also reduce the frequency of 
pesticide applications, leading to reduced environmental damage (Talekar 
and Yang, 1991).   
It is possible, therefore, to use parasitoids within IPM systems for 
control of P. xylostella if selective insecticides are used and spray applications 
are applied as required rather than by ‘calendar spraying’ (Stapel el al., 2000; 
Desneux et al., 2007; Furlong et al., 2013). The real challenge is to use 
chemicals at a level that will be effective against the targeted pest with 
minimal effects on biological control agents. Over the past few decades, a 
number of relatively selective compounds have been introduced, including 
indoxacarb, abamectin and spinosad (Furlong et al., 2013). The present 
investigation was undertaken to evaluate the basis of selectivity of action of 
such compounds against C. vestalis.  
 
2.9 Myzus persicae 
Myzus persicae has long been known as an important pest of 
vegetable crops (Heathcote, 1962) and is found throughout the world 
(Peccoud et al., 2010), having originated in Asia (Zhang et al., 2008). It is a 
primary aphid pest of peach (Kuroli and Lantos, 2006). Its secondary host 
plants include potato and over a 100 crop and ornamental plants (Baker, 
1994; Van Emden and Harrington, 2007). Adult M. persicae range in size from 
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1.5 to 3.5 mm (Borror et al., 1976). Single species of the aphid show 
polymorphism, and can found with different colour forms and shapes and can 
be winged (alate) or wingless (apterous) (Blackman and Eastop 2000).  
Myzus persicae has a complex life cycle (Figure 2.6) (Van Emden et 
al., 1969), which varies in different parts of the world (Blackman, 1974). In 
temperate regions, M. persicae reproduces by parthenogenesis (incomplete 
cycle or anholocycle) in some countries the spring and summer months and 
sexually (complete cycle or holocycle) in the autumn, where the aphid 
overwinter as eggs (Van Emden et al., 1969). Occurrence of sexual 
reproduction can vary greatly with temperature with no sexual reproduction at 
20-250C (MacGillivray and Anderson, 1964; Blackman, 1972). 
Parthenogenesis can also occur throughout the winter months if conditions 
are relatively mild (Blackman, 1972). There are three distinct stages in the life 
cycle of M. persicae: egg, nymph and adult; showing incomplete 
metamorphosis to adults (Minks and Harrewijn, 1987). There can be 20 or 
more generations per year in moderate climates (Blackman and Eastop, 
2000). Myzus persicae eggs are shiny and black, nymphs are green, with 
black antenna and legs, and are similar to wingless adults (Broadbent, 1949).  
The syringe-like mouthparts (stylet) of aphids allow them to penetrate 
deep into plant tissues and suck phloem sap (Godfrey, 1997; Campbell, 
2014). Myzus persicae is known for its ability to act as a virus vector, and 
virus transmission is a major factor in plant damage plant due to this aphid 
species (Radcliffe and Ragsdale, 2002; Ansteada et al., 2004). For example, 
M. persicae is a vector of PLRV (potato leaf roll virus), which is transmitted in 
a persistent manner (Virus once acquired by a vector remains associated 
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throughout their life) (Blackman and Eastop, 2000; Ansteada et al., 2004; 
Andret-Link and Fuchs, 2005). 
Nymphs as well as adults of M. persicae are capable of transmitting 
viruses but the adults, being mobile, are far more important as virus vectors 
(Flanders et al., 1991).  
 
 
Figure 2.6 Life cycle of Myzus persicae.  
https://theaphidroom.files.wordpress.com/2012/02/aphid-life-cycle.jpg. 
(28/11/2014). 
 
Myzus persicae is economically very important and on soybean alone 
is estimated to cause $1billion of crop and input losses in the U.S.A. per 
annum (Radcliffe and Ragsdale, 2002).  
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Most of the methods used to control aphids rely on chemical 
insecticides (Robert, 1992) and the ability of M. persicae to develop 
resistance to insecticides makes this species particularly challenging to 
control  (Foster et al., 2007).  
Aphid-specific parasitoids can be used as part of an IPM system 
(Chambers et al., 1986; Milne, 1999; Van Driesche and Bellows, 1996) but 
further information on the lethal and sublethal effect is required to evaluate 
their compatibility with insecticides (Desneux et al., 2007).  
 
2.10 Biological control of Myzus persicae using Aphidius colemani 
The parasitoid, A. colemani is known to be particularly effective against 
M. persicae (Van Steenis, 1993). It originated in India (Frank, 2010) and is 
available commercially in many countries worldwide (Bengochea et al., 2012). 
It has been used to control M. persicae in greenhouses in particular but has 
also been used on cereal crops (Van Steenis, 1995; Malais and Ravensberg, 
2003). A. colemani is a solitary, endolarval, kinobiont parasitoid, whose 
development is closely related to that of its host (Kalule and Wright, 2005).  
The life cycle of A. colemani starts when the female oviposits in an 
aphid’s body, the eggs then hatch and the resulting larva passes through 
three larval stages. After the host aphid has died, parasitoid pupation starts 
and the aphid turns into a mummy. Then there are the prepupal and pupal 
stages, followed by emergence of the adult wasp out of the mummy (Longley, 
1999). One life cycle takes about 9-17 days at 20-210C (Hagvar and 
Hofsvang, 1991). 
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Reliance on broad-spectrum pesticides resulted in lethal effects on this 
biological control agent (Roubos et al., 2014) as a result, a high population 
growth of secondary pests occurs (Longley et al., 1997). Even If not killing 
natural enemies, pesticides may result in sublethal effects (Haynes, 1998; 
Bengochea et al., 2012). Parasitoids are exposed to the pesticides directly 
through spray droplets or to the residues during foraging (Longley and 
Jepson, 1996), ingestion during feeding as honeydew droplets (Longley and 
Stark, 1996) or within the host during development (Suss, 1983; Longley, 
1999). Known sublethal effects include impaired host finding ability (Elzen, 
1989; Desneux et al., 2004) and disrupted foraging patterns (Longley and 
Jepson, 1996). The failure of biological control agents to achieve full control of 
pests in most cases means that insecticides will remain an integral part in IPM 
(Bengochea et al., 2012). There is a need, therefore, to ensure that 
compounds that are relatively harmless to natural enemies are used wherever 
possible, or that the doses applied are relatively harmless.  
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CHAPTER 3: General Materials and Methods 
 
3.1 Plants 
Chinese cabbage (Brassica chinensis var pekinensis cv Wonk Bok) 
(E.W. King and Co., Ltd, Kelvendon, Colchester, U.K.) were grown in a 
greenhouse at 25 ± 1 0C with supplementary lighting (16-h photoperiod). 
Seeds were sown in individual pots (13 cm dia.) using John Innes No 2 
compost (Fargro Ltd, Littlehampton, UK) having N:P:K @ 10.2%: 6.4%: 
16.2%. Seeds were sown weekly to have a continuous supply of plants of the 
same age throughout the experiments. Plants were watered every two days. 
No chemical sprays or other chemical treatments were used during plant 
production. To maintain the culture of insects, and to carry out experiments, 
six to eight week-old potted plants were used.  
 
3.2 Insects  
3.2.1 Plutella xylostella  
A Plutella xylostella culture (Lab-UK) was obtained from a laboratory 
strain, kept at Silwood Park, Imperial College London.  Insects were reared in 
screen cages (42 cm x 43 cm x 55 cm) in a controlled temperature (CT) room 
at 25 ± 1 0C, with a relative humidity (RH) of 70 ± 5 % and a 16-h photoperiod. 
Adults were provided with 20% (w/v) honey solution as a source of food. 
Chinese cabbage plants were provided for oviposition and larvae were reared 
on the plants, which were replaced as required. 
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3.2.2 Cotesia vestalis 
Cotesia vestalis were initially obtained from a culture at Silwood Park 
(Staley et al., 2011). For some later work, following loss of the original culture, 
a second population of C. vestalis was obtained from Fiji.  Cotesia vestalis 
were reared on P. xylostella by exposing a mixed population of larval stages 
to newly emerged male and female parasitoids in a screen cage. Parasitoid 
cultures were reared in screen cages (42 cm x 43 cm x 55 cm) in a controlled 
temperature (CT) room at 25 ± 1 0C, with a relative humidity (RH) of 70 ± 5 % 
and a 16-h photoperiod (the same conditions as P. xylostella) in a separate 
CT room from the main P. xylostella culture. Adult parasitoids were provided 
with a 20% honey solution as a source of food. 
 
3.2.3 Myzus persicae 
A Myzus persicae culture was obtained from Koppert Ltd (Haverhill, 
Suffolk, U.K.) and maintained on six to eight week-old Chinese cabbage 
under CT room conditions (Section 3.2.1). 
 
3.2.4 Aphidius colemani 
Aphidius colemani mummies were obtained from Koppert Ltd as 
required. On arrival, the parasitoid mummies were kept in a collecting cage 
(42 cm x 43 cm x 55 cm) under CT room conditions (Section 3.2.1) until adult 
A. colemani emerged. The adults were fed with 20% honey solution.  
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3.3 Chemicals 
Four formulated insecticide products, as emulsifiable concentrates 
(EC), suspension concentrates (SC) or Granules (G), were assessed during 
this study: lambda-cyhalothrin (Karate®, 5% w/v active ingredient (a.i.) EC, 
Syngenta, U.K.), indoxacarb (Steward®, 30% w/v a.i. G, Dupont de Nemours, 
France), spinosad (Tracer®, 48% w/v a.i. SC, Dow AgroSciences, U.K.) and 
abamectin (Vertimec® 1.8% w/v a.i. EC, Syngenta, U.K.). Compounds were 
stored at 5°C. Test solutions were freshly prepared in 50 ppm Triton X-100 
(Sigma Aldridge, U.K.) as a surfactant for each set of experiments. Use of a 
surfactant was based on the fact that cabbage leaves are hard to wet, due to 
their waxy nature, so to have a complete coverage there is need of an 
additional wetting agent (Zhang et al., 2006). HPLC grade chloroform (BDH 
Ltd, UK) was used for wax extraction from leaves.   
 
3.4 Removal of wax from pesticide treated and untreated leaves 
Epicuticular wax was removed from Chinese cabbage leaf discs using 
the method of McDonald et al., (1993). Leaf discs were immersed in 50 ml of 
chloroform in a glass beaker for 30 s. Treated leaf discs were then placed in a 
fume hood for 2 h to allow for complete evaporation of chloroform.  
 
3.5 Bioassays 
3.5.1 Leaf-dip bioassay for Plutella xylostella larvae 
3.5.1.1 With leaf wax experiment  
All experiments were conducted at a temperature of 25 ± 10C. Leaf 
disc bioassays for P. xylostella 3rd instar (L3) larvae were conducted on 
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Chinese cabbage leaves (Sayyed et al., 2000). Leaf discs (4.8 cm dia.) were 
immersed for 10 s in test solutions and were then placed on a corrugated 
aluminium foil rack and left at ambient temperature (250C) for 1 h to dry. The 
following dose ranges (based on a series of preliminary experiments) were 
used for each compound: lambda-cyhalothrin (0.001 to 1 ppm); abamectin 
(0.001 to 0.10 ppm); indoxacarb (0.003 to 1 ppm) and spinosad (0.005 to 1 
ppm). Control leaf discs were dipped in a 50 ppm Triton X-100 solution.  
Leaf discs were then transferred to 5 cm diameter, deep plastic Petri 
dishes containing a single 4.8 cm dia. filter paper (Whatman No. 1) moistened 
with distilled water. Three L3 P. xylostella were introduced per Petri dish with 
10 replicates per treatment including the control (n=30 larvae per treatment). 
Mortality for each pesticide was assessed after 24 h and 120 h. In a separate 
set of treatments, P. xylostella larvae were transferred to untreated leaf discs, 
after 24h exposure to treated leaves, and mortality was recorded at 120 h 
following initial exposure to pesticide.  
 
3.5.1.2 Without leaf wax experiment 
Bioassays followed the same procedure as described in Section 
3.5.1.1 except after drying leaf discs, insecticide-treated leaves were 
subjected to wax stripping (Section 3.4). Triton X-100 (50 ppm) was used as 
the control. The dose ranges (based on a series of preliminary experiments) 
used were: lambda-cyhalothin (1 to 4 ppm); abamectin (0.1 to 1 ppm); 
indoxacarb (3 to 6 ppm) and spinosad (4 to 7 ppm). Leaf discs were 
transferred to 5 cm diameter Petri dishes containing moistened filter paper. 
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Three L3 P. xylostella were introduced into each Petri dish (n=30). Insect 
mortality was recorded after 24 h exposure.  
 
3.5.2 Residual bioassay on foliage for Plutella xylostella larvae  
3.5.2.1 With leaf wax experiment 
Plants (4 plants per treatment) were sprayed with: 0.001, 0.1 and 1.5 
ppm lambda-cyhalothrin, 0.001, 0.1 and 1.0 ppm abamectin, 1.0, 2.0 and 3.5 
ppm indoxacarb and 0.001, 0.1 and 1.0 ppm spinosad respectively (doses 
were selected based on a series of preliminary experiments) using a Mardrive 
linear track sprayer fitted with laser jet nozzle (Marine Engineering Ltd., U.K) 
at 3.5 bar [350 kPa] at a rate equivalent to 500 l ha-1. Triton X-100 (50 ppm) 
was used as the control. Sprayed plants were allowed to dry in a glasshouse 
(25 ± 5ºC) for 2 h prior to use (day 0 treatment). Treated plants were 
maintained in the glasshouse and bioassays conducted for 0, 7, 14 and 28 
days.  Leaves from treated plants were randomly selected and leaf discs cut 
for bioassay. Bioassays were conducted as described in Section 3.5.1.1. 
Mortality was recorded after 120 h. 
 
3.5.2.2 With and without leaf wax experiment 
Plants were sprayed with: 2.05, 0.05, 4.6 and 5.0 ppm lambda-
cyhalothrin, abamectin, indoxacarb and spinosad respectively (doses based 
on LC50 values of without leaf dip bioassay experiment). Triton X-100 (50 
ppm) was used as the control. The same bioassay procedure was used for 
wax-stripped leaves (Section 3.5.2.1), except half of the leaf discs were 
  
47 
 
subjected to wax stripping. Three insects per treatment were assessed, with 
ten replicates (n=30). Mortality was recorded after 24 h exposure. 
 
3.5.3 Leaf-dip bioassay for adult Cotesia vestalis 
3.5.3.1 With leaf wax experiment  
Cotesia vestalis adults (male and female 1-7 day-old) were exposed to 
treated leaf discs (Section 3.5.1.1). For C. vestalis, the lids of the 5 cm dia. 
Petri dishes were modified with small a hole in the centre to introduce three 
adult parasitoids (mixed sexes) per dish, which was then covered with tape. 
The doses of insecticides (based on preliminary experiments) used were 
lambda-cyhalothrin (2 to 10 ppm); abamectin (8 to 18 ppm); indoxacarb (8 to 
14 ppm) and spinosad (8 to 18 ppm). Control leaf discs were dipped in 50 
ppm Triton X-100 solution. Mortality was recorded after 24 h and 120 h. In a 
second experiment, insects were exposed to pesticide residues for 24 h and 
then transferred to untreated leaf discs in Petri dishes with 20% honey as a 
food source for a further 96 h. Each treatment was replicated 10 times (n=30).  
 
3.5.3.2 Without leaf wax experiment 
The same bioassay procedure was used for wax-stripped leaves 
(Section 3.5.1.2). Mortality was recorded after 24 h exposure. The following 
dose ranges (based on preliminary experiments) were used: lambda-
cyhalothrin (70 to 100 ppm); abamectin (100 to 140 ppm); indoxacarb (130 to 
160 ppm); spinosad (90 to 120 ppm). Control leaf discs were treated with a 50 
ppm Triton X-100 solution. 
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3.5.4 Residual bioassay on foliage for adult Cotesia vestalis 
Plants were sprayed at rates (based on preliminary experiments) of 10, 
20 and 30 ppm lambda-cyhalothrin, 10, 30 and 50 ppm abamectin, 24, 36 and 
48 ppm indoxacarb and 39, 52 and 65 ppm spinosad as described above 
(Section 3.5.2.1). Triton X-100 (50 ppm) was used as the control. Three adult 
C. vestalis (1-7 day-old) were introduced into each of 10 Petri dishes (n=30) 
and after 24 h exposure, insects were transferred to untreated leaf discs and 
provided with 20% honey solution. Mortality was recorded after 120 h.   
 
3.5.5 Leaf-dip bioassay for adult Myzus persicae   
3.5.5.1 With leaf wax experiment  
Myzus persicae were bioassayed on leaf discs treated with insecticides 
as described above (Section 3.5.1.1) with three adult apterous M. persicae 
per Petri dish. Each treatment was replicated 10 times (n=30). Mortality was 
recorded after 24 h and 120 h exposure. In a second experiment, insects 
were transferred to untreated leaves after 24 h exposure and mortality 
recorded after 120 h. Doses used were (based on preliminary experiments) 
lambda-cyhalothrin (1.5 to 3.5 ppm); abamectin (2.5 to 4.5 ppm); indoxacarb 
(12 to 20 ppm); spinosad (20 to 40 ppm). Control leaf discs were treated with 
Triton X-100. 
 
3.5.5.2 Without leaf wax experiment 
The same bioassay procedure was used as for wax-stripped leaves 
(Section 3.5.1.2). Mortality was recorded after 24 h exposure. Doses (based 
on preliminary experiments) used were lambda-cyhalothrin (150 to 200 ppm); 
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abamectin (150 to 200 ppm); indoxacarb (200 to 250 ppm); spinosad (250 to 
300 ppm). Control leaf discs were treated with Triton X-100. 
 
3.5.6 Residual bioassay on foliage for adult Myzus persicae 
Four Chinese cabbage plants were sprayed at rates (based on 
preliminary experiments) of 5.0, 9.0 and 12 ppm lambda-cyhalothrin, 4.0, 7.0 
and 10 ppm abamectin, 20, 35 and 45 ppm indoxacarb, and 33, 45 and 60 
ppm spinosad. Triton X-100 (50 ppm) was used as the control. For each 
bioassay day (0, 7, 14, 28 days) leaves were randomly selected from each 
plant for leaf disc bioassays (Section 3.5.2.1).   Mortality was recorded after 
120 h.  
 
3.5.7 Leaf-dip bioassay for adult Aphidius colemani 
3.5.7.1 With leaf wax experiment  
The same method was used as for C. vestalis (Section 3.5.3.1). Doses 
(based on preliminary experiments) used were lambda-cyhalothrin (1.5 to 6.5 
ppm); abamectin (2 to 6 ppm); indoxacarb (14 to 22 ppm) and spinosad (20 to 
35 ppm). Control leaf discs were treated with Triton X-100. Three adult A. 
colemani (1 day-old) were used per Petri dish (n=30). 
 
3.5.7.2 Without leaf wax experiment 
The same bioassay procedure was used for wax-stripped leaves 
(Section 3.5.3.2). Mortality was recorded after 24 h exposure.  Doses used 
(based on preliminary experiments) were lambda-cyhalothrin (80 to 120 ppm); 
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abamectin (80 to 120 ppm); indoxacarb (250 to 300 ppm); spinosad (250 to 
300 ppm). Triton X-100 (50 ppm) was used as the control 
 
3.5.8 Residual bioassay on foliage for adult Aphidius colemani  
3.5.8.1 With leaf wax experiment  
Four Chinese cabbage plants were sprayed (doses based on 
preliminary experiments) with 3.0, 10 and 15 ppm lambda-cyhalothrin; 10, 15 
and 20 ppm abamectin; 10, 30 and 45 ppm indoxacarb; 30, 45 and 60 ppm 
spinosad (Section 3.5.2.1). Triton X-100 (50 ppm) was used as the control. 
For each bioassay day (0, 7, 14, 28 days) leaves were randomly selected 
from each plant for leaf disc bioassays, as for C. vestalis (Section 3.5.4.1). 
Mortality was recorded after 120 h.  
 
3.5.8.2 With and without leaf wax experiment 
Plants were sprayed (doses based on LC50 values in without wax leaf 
dip bioassay experiment) with 90, 85, 279 and 294 ppm lambda-cyhalothrin, 
abamectin, indoxacarb and spinosad, respectively (Section 3.5.2.2). Half of 
the leaf disks were subjected to wax removal. Triton X-100 (50 ppm) was 
used as the control. Mortality was recorded after 24 h.  
 
3.6 Sub-lethal effects of insecticide residues on parasitoids 
3.6.1 Time spent on treated leaves (no choice experiment) 
Chinese cabbage leaf discs were dipped in pesticide solutions using 
the estimated LC50 and LC5 concentrations (24 h exposure + 96 h on 
untreated leaf discs) for each compound and placed in Petri dishes as 
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described above (Section 3.5.3.1). Control leaf discs were dipped in a 50 ppm 
Triton X-100 solution.  
A single adult male or female parasitoid one-day-old (C. vestalis or A. 
colemani) was introduced into each Petri dish, with 12 replicates per 
treatment (n=12). Two hours after parasitoid release into the experimental 
arena, each parasitoid was observed for 10 minutes and the time spent in 
seconds by each parasitoid on the leaf surface or elsewhere in the arena was 
recorded. 
  
3.6.2 Time spent on treated leaves or untreated leaves (choice 
experiment) 
The same procedure was followed as in Section 3.6.1 except each 
Petri dish contained two hemi-spheres of leaf discs (treated and untreated) 
with a small space (c. 2 mm) between the two halves. Control leaf discs were 
dipped in a 50ppm Triton X-100 solution. The time spent by parasitoids on 
treated and untreated leaf hemispheres and on the surrounding arena was 
recorded.  Each treatment was replicated 12 times. 
 
3.6.3 Percent emergence of parasitoids 
Chinese cabbage leaf discs were treated with the estimated LC50 and 
LC5 concentrations of each insecticide (Section 3.6.1). Control leaf discs were 
dipped in a 50ppm Triton X-100 solution.  
Three one-day-old cocoons of C. vestalis or three mummies of A. 
colemani were placed in each Petri dish with 10 replicates per treatment 
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(n=30). The percentage emergence of adult parasitoids was recorded daily for 
7 days. 
 
3.7 Statistical analysis 
All analyses were conducted using R version 3.0.2 (R Development 
Core Team, 2013). Estimated LC50 values with 95% fiducial limits (FL) and 
the slope ± S.E. of the dose-response curve were obtained using generalized 
linear models (GLIM) with binomial errors. Due to non-compatibility with 
GLIM, Abbott’s formula (1925) was not used for correction of mortality. 
Instead, mortality was corrected by subtracting the number of dead insects in 
controls from the total number of insects per insecticide treatment (Crawley, 
2007). Pairwise comparisons of LC50 values were significant at the 1% level if 
their respective 95 % FL’s did not overlap (Crawley, 2007). 
 Residual bioassay data at different spray rates were analysed using 
GLIM with quasibinomial errors to correct for overdispersion, and were 
subjected to analysis of variance (ANOVA) with significance at the 1% level 
(Crawley, 2007).  
Behavioural data were analysed using linear model. To compare 
differences in time spent on the leaf surface, treated and untreated leaf halves 
and the arena using LC5 and LC50 doses, data were subjected to ANOVA with 
a significance difference at the 1% level.  
Effects of LC5 and LC50 doses of insecticides on the emergence of 
adult parasitoids were evaluated using GLIM with binomial errors. Data were 
subjected to ANOVA with a significant different at 1% level. Chi test used to 
compare means.  
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CHAPTER 4: Intrinsic and residual toxicity of 
insecticides against Plutella xylostella and Cotesia 
vestalis 
 
4.1 Introduction 
Pesticides used appropriately enhance agriculture production but their 
misuse has led to human health problems (El-Wakeil et al., 2013) and 
fatalities especially in developing countries due to lack of knowledge/ training 
on spraying techniques, inadequate clothing and extensive use of insecticides 
(Pimentel, 2005; Soomro et al., 2008).  Spray applications have also had 
lethal and sublethal effects on non-target organisms (Akobundu, 1987; Cloyd, 
2012), and over use has led to target species becoming resistant to many 
insecticides (Kilin et al., 1981; Hirai, 1993; Johnson and Tabashnik, 1999). 
Pest outbreaks can occur following the harmful effects that many pesticides, 
particularly broad-spectrum insecticides, have on natural enemies, leading to 
pest resurgence (Way and Heong, 1994; Tanaka, 2000). The detrimental 
impact of pesticides on beneficial arthropods, including natural enemies, has 
been of great concern for many years, and has been the subject of a large 
number of studies (for example, see Haynes, 1988; Croft, 1990; Thompson, 
2003). 
Plutella xylostella, the most important pest of brassica crops worldwide 
(Section 2.4), has become particularly difficult to manage because of its ability 
to develop resistance to a wide variety of pesticides (Li et al., 2007; Furlong et 
al., 2013, Liu et al., 2014). The overuse of insecticides against P. xylostella 
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has also resulted in damaging effects on its natural enemies, particularly key 
parasitoids such as the larval endoparasitoid species, C. vestalis (Haseeb and 
Amano, 2002).  
Today, many insecticides with a relatively narrow range of activity are 
marketed against specific groups of insect pests; these compounds can be far 
less harmful to the beneficial insects, including natural enemies such as C. 
vestalis (Cardwell et al., 2005).  
Abamectin, indoxacarb and spinosad are insecticides generally 
regarded as reduced risk or compatible with natural enemies (Zhao et al., 
2006; Liu and Zhang, 2012) and lambda-cyhalothrin is regarded as harmful to 
the natural enemies (Tillman and Mulrooney, 2000).  
Lambda-cyhalothrin is a pyrethroid insecticide (Henry et al., 2005), 
having a wide range of insecticidal activity against Lepidoptera, Diptera, 
Coleoptera, Hemiptera and mites. Lambda-cyhalothrin has a harmful effect on 
natural enemies due to both lethal and sublethal doses (Desneux et al., 
2003). Lambda-cyhalothrin is more persistent in nature and has both contact 
and ingestion activity (Seenivasan and Muraleedharan, 2009). 
Abamectin is a fermented product of a soil bacterium Streptomyces 
avermitilis, which is regarded as effective against mites, leafminers and thrips 
(Lasota and Dybas, 1990). Abamectin is less persistent with both contact and 
ingestion activity and has a low toxicity to natural enemies (Lasota and Dybas, 
1991). 
Indoxacarb is an oxadiazine insecticide, which is moderately persistent 
and is effective against lepidopteran, coleopteran and sucking insect pests, 
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having both contact and ingestion activity.  It has a reduced risk to natural 
enemies (McCann et al., 2001; Liu et al., 2002; Prasanna et al., 2008). 
Spinosad is a broad-spectrum insecticide used against a variety of 
insects including lepidopterans (Liu and Zhang, 2012) and is derived from soil 
bacterial species Saccharopolyspora spinosa (Crouse and Sparks, 1998). It 
has both contact and ingestion activity and is regarded as less toxic to natural 
enemies and is less persistent in nature (Sparks et al., 2001).  
The objective of the present study was to compare the intrinsic 
(baseline) and residual toxicity of four insecticides (lambda-cyhalothrin, 
abamectin, indoxacarb and spinosad) on Chinese cabbage against P. 
xylostella and C. vestalis. 
 
4.2 Materials and Methods 
4.2.1 Plants 
Chinese cabbage plants were maintained in a greenhouse at 25±1 0C 
with supplementary lighting (16-h photoperiod). Seeds were sown in individual 
pots (13 cm diameter) (Section 3.1).  
 
4.2.2 Insect cultures 
Plutella xylostella and Cotesia vestalis were reared as described in 
Section 3.2. All bioassays were conducted in a CT room at 25 ± 1 0C with 70 ± 
5 % RH (Section 3.2.2). 
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4.2.3 Chemicals 
Formulated products of lambda-cyhalothrin, abamectin, indoxacarb and 
spinosad were tested (Section 3.3).   
 
4.2.4 Leaf dip bioassays with Plutella xylostella larvae and Cotesia 
vestalis adults 
Leaf dip bioassays were conducted with L3 P. xylostella (Section 
3.5.1.1) and C. vestalis adults (Section 3.5.3.1) on Chinese cabbage leaves.  
Mortality for each pesticide was assessed after 24 h (A) and 120 h (B). In a 
separate experiment, P. xylostella larvae and C. vestalis adults were 
transferred to untreated leaf discs, after 24 h exposure to treated leaves, and 
mortality was recorded at 120 h (C) following initial exposure to pesticide. 
 
4.2.5 Residual bioassays with Plutella xylostella larvae and adult Cotesia 
vestalis following spray application of insecticides on Chinese cabbage 
Plants were sprayed with pesticides (Sections 3.5.2.1 and 3.5.4.) and 
bioassays conducted with plants from 0 – 28 days from pesticide application.  
   
4.2.6 Statistical analysis 
Data analysis was conducted using R version 3.0.2 (R Development 
Core Team, 2013) (Section 3.7).  
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4.3 Results 
4.3.1 Leaf dip bioassays with Plutella xylostella larvae 
Abamectin had markedly lower LC50 values compared with lambda-
cyhalothrin, spinosad and indoxacarb, although abamectin was only 
significantly more toxic compared with indoxacarb and spinosad after 120 h 
exposure (B) or 24 h exposure + 96 h (C) (Table 4.1; B and C).   
For any insecticide tested, following exposure to pesticide for 24 h, the 
mortality rate of P. xylostella larvae did not markedly increase over the next 
96 h while the larvae were on an untreated leaf surface (Table 4.1; A v C). 
Exposure to pesticide for 120 h compared with 24 h increased the mortality 
rate of P. xylostella larvae for abamectin and indoxacarb when mortality was 
assessed immediately after exposure (Table 4.1; A v B; statistical 
comparisons were not conducted due to pseudo-replication). For all 
insecticides, there was no significant difference when mortality was assessed 
after 120 h exposure compared with the mortality assessed after 24 h 
exposure + 96 h on untreated leaves (Table 4.1; B v C).   
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Table 4.1 Intrinsic toxicity of insecticides on Chinese cabbage leaves against Plutella xylostella larvae after: A) 24 h exposure to 
insecticide; B) 120 h exposure; C) 24 h exposure + 96 h on untreated leaves. 
                        A           B       C 
Insecticide                          LC50 [ppm] (95% FL)*                        LC50 [ppm] (95% FL)*                         LC50 [ppm] (95% FL)*  
                                         Slope ± SE [log 10 (dose)]                   Slope ± SE [log 10 (dose)]                  Slope ± SE [log 10 (dose)]  
lambda-cyhalothrin        0.3 (0.1-1.1)a     0.4 ± 0.1                  0.03 (0.01-0.3)a,b    0.3 ± 0.1              0.1 (0.04-0.53)a,b   0.3 ± 0.2 
abamectin                  0.02 (0.01-1.2)a 0.3 ± 0.2                  0.002 (0.001-0.01)b 0.5 ± 0.2             0.01 (0.008-0.2)b    0.1 ± 0.1 
indoxacarb                  0.8 (0.4-1.6)a     0.8 ± 0.1                  0.3 (0.1-0.4)a           1.1 ± 0.2             0.4 (0.2-0.7)a         0.7 ± 0.2 
spinosad                  1.1 (0.1-10.9)a   0.2 ± 0.1                  0.4  (0.1-1.3)a          0.3 ± 0.1             0.7 (0.2-2.8)a         0.3 ± 0.1 
*Values within columns sharing a common letter have non-overlapping 95% FLs and are not significantly different at p<0.01. 
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4.3.2 Residual activity of insecticides against Plutella xylostella larvae 
following spray application on Chinese cabbage leaves 
Residual activity (toxicity) for lambda-cyhalothrin and abamectin was greater 
over a 0-28 day and a 0-7 day period, respectively, compared with indoxacarb and 
spinosad (Table 4.2). In each case, as expected, residual activity for each compound 
was positively correlated with the concentration applied (Figures 4.1 – 4.4).  
There was no significant decline in residual activity for lambda-cyhalothrin at 
any of the concentrations tested up to 14 days after application (F=0.95, df=6, 40, 
p=0.47); by day 28 residual activity was significantly reduced compared with day 0 
(Table 4.2, Figure 4.1; F= 181.98, t=9.37, df=46, p=0.001).  
The residual activity of abamectin had significantly decreased 14 days after 
treatment (Table 4.1, Figure 4.2; F=26.28, t=6.9, d.f= 25, p<0.001). 
 The residual activity of indoxacarb appeared to remain relatively stable up to 
14 days after treatment but all detectable residual activity was lost 28 days after 
treatment (F=5.61, d.f=4, 28, p<0.01; Table 4.2, Figure 4.3). 
Spinosad showed a significant decrease in residual activity at 7 days after 
treatment (t=5.28, d.f=34, p<0.01), with little detectable residual activity remaining 14 
days after treatment (F=84.12, t=11.98, d.f=34, p<0.001; Figure 4.4).  
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Table 4.2 Residual toxicity (LC50) of insecticide deposits on Chinese cabbage against 
Plutella xylostella larvae. 
 Days after   
 application                 
Insecticide LC50 [ppm] (95% FL) Slope ± SE   
0 lambda-cyhalothrin 0.04 (0.01-0.1) 0.4 ± 0.07  
7 lambda-cyhalothrin 0.08 (0.03-0.2) 0.4 ± 0.08  
14 lambda-cyhalothrin 0.09 (0.02-0.2) 0.4 ± 0.07  
28 lambda-cyhalothrin 0.3 (0.1-1.1) 0.3 ± 0.09  
0 abamectin 0.006 (0.002-0.02) 0.3 ± 0.07  
7 abamectin 0.03 (0.01-0.1) 0.3 ± 0.07  
14 abamectin <5% mortality (1 ppm)   
0 indoxacarb 0.6 (0.04-0.1) 1.0 ± 0.2  
7 indoxacarb 1.2 (0.8-71.7) 1.4 ± 0.3  
14 
28 
indoxacarb 
indoxacarb 
2.04 (1.6-2.7) 
no mortality 
1.8 ± 0.5  
0 spinosad 1.7 (1.5-1.9) 3.2 ± 0.6  
7 spinosad 3.2 (2.7-3.9) 3.7 ± 0.9    
14 spinosad <5% mortality  (3.5ppm)   
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Figure 4.1 Residual activity (% mortality ± S.E) of lambda-cyhalothrin on Chinese 
cabbage against Plutella xylostella larvae following spray application. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Residual activity (% mortality ± S.E.) of abamectin on Chinese cabbage 
against Plutella xylostella larvae following spray application. 
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Figure 4.3 Residual activity (% mortality ± S.E.) of indoxacarb on Chinese cabbage 
against Plutella xylostella larvae following spray application. 
 
  
 
 
 Figure 4.4 Residual activity (% mortality ± S.E.) of spinosad on Chinese cabbage 
against Plutella xylostella larvae following spray application. 
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4.3.3 Leaf dip bioassays with Cotesia vestalis adults 
Lambda-cyhalothrin was significantly more toxic compared with indoxacarb 
and spinosad (Table 4.3; A, B and C), while abamectin did not differ significantly in 
toxicity compared with all other insecticides except after 120 h exposure, when it was 
significantly more toxic compared with spinosad (Table 4.3; A, B and C).   
Following exposure to pesticide for 24 h, the mortality rate of C. vestalis adults 
did not increase significantly over the next 96 h on untreated leaf surfaces for any 
insecticide tested (Table 4.3; A v C). For all insecticides except abamectin, there was 
significantly greater mortality after 120 h exposure compared with when mortality 
was assessed after 24 h exposure + 96 h on untreated leaves (Table 4.3; B v C).   
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Table 4.3 Intrinsic toxicity of insecticides on Chinese cabbage against Cotesia vestalis adults after: A) 24 h exposure to insecticide; 
B) 120 h exposure; C) 24 h exposure + 96 h on untreated leaves. 
      A       B      C 
Insecticide                       LC50 (ppm) (95% FL)*                          LC50 (ppm) (95% FL)*                         LC50 (ppm) (95% FL)*   
                                        Slope ± SE [log 10 (dose)]                   Slope ± SE [log 10 (dose)]                  Slope ± SE [log 10 (dose)]  
lambda-cyhalothrin         8.5 (6.4-11.0)a    1.1 ± 0.3                   2.9 (2.2-4.0)c        1.8 ± 0.4                  7.9 (6.1-10.3)a     1.2 ± 0.3 
abamectin                 10.5 (7.3-13.3)a,b  1.1 ± 0.3                   4.9 (3.8-6.3)c,d      1.7 ± 0.3                  9.3 (5.2-16.7)a,b   0.6 ± 0.1 
Indoxacarb                 13.4 (12.7-14.2)b  7.2 ± 1.2                   7.2 (6.1-8.7)d,e      4.8 ± 1.4                12.2 (11.6-12.8)b   9.1 ± 1.4 
spinosad                 14.7 (12.1-15.3)b  2.8 ± 0.6                   8.5 (7.3-9.9)e        3.5 ± 0.7                13.1 (12.0-14.3)b   3.9 ± 0.7 
*Values within columns sharing a common letter are non-overlapping at 95% FL and are not significantly different at p<0.01 
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4.3.4 Residual activity of insecticides against adult Cotesia vestalis 
For all insecticides tested, residual activity was positively correlated with the 
concentration applied (Figures 4.5-4.8). At day 0, the residual toxicity of lambda-
cyhalothrin was significantly  greater compared with the other insecticides tested 
(Table 4.4). 
The residual activity (toxicity) for lambda-cyhalothrin and indoxacarb was 
found to be more persistent over 0-14 days compared with the other insecticides 
tested, although there was a significant reduction in toxicity of lambda-cyhalothrin 
between 14 and 28 days after application (Table 4.4; F=14.22, t=14.49, d.f=24,27, 
p<0.001).  
The residual activity of spinosad did not change significantly up to 7 days after 
application (Table 4.4; F=0.2, t=1.2, d.f=0,24 p=0.1) but had declined to a very low 
level after 14 days. 
The residual activity of abamectin decreased significantly 7 days after 
application (Table 4.4, F=42.12, t=8, d.f=20,23, p<0.001) and there was no 
detectable toxicity after 14 days. 
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Table 4.4 Toxicity of insecticides at different days after treatment against adults Cotesia 
vestalis. 
 Days 
after  
applicatio
n                  
Insecticide LC50 [ppm]  
(95% FL) 
Slope ± SE   
0 lambda- cyhalothrin 14.7 (12.6-17.1) 2.8 ± 0.5  
7 lambda- cyhalothrin 26.2 (20.9-32.7) 1.9 ± 0.5  
14 lambda- cyhalothrin 38.3 (25.9-56.6) 2.1 ± 0.6  
28 lambda-cyhalothrin <10% mortality (30 ppm)   
0 abamectin 28.0 (22.4-35.0) 1.6 ± 0.4  
7 abamectin 103 (40.7-258.1) 1.5 ± 0.6  
14 abamectin no mortality   
0 indoxacarb 33.3 (27.6-40.0) 2.4 ± 0.8  
7 indoxacarb 45.2 (35.9-56.9) 2.5 ± 0.9  
14 
28 
indoxacarb 
indoxacarb 
65.0 (41.6-101.4) 
no mortality 
3.1 ± 1.3  
0 spinosad 46.8 (41.13-53.3) 3.6 ± 1.1  
7 spinosad 62.8 (52.84-74.8) 3.4 ± 1.2  
14 spinosad < 5% mortality (65 ppm)   
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Figure 4.5 Residual activity (% mortality ± S.E) of lambda-cyhalothrin on Chinese 
cabbage against Cotesia vestalis adults following spray application. 
 
 
 
 
 
Figure 4.6 Residual activity (% mortality ± S.E) of abamectin on Chinese cabbage 
against Cotesia vestalis adults following spray application. 
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Figure 4.7 Residual activity (% mortality ± S.E) of indoxacarb on Chinese cabbage 
against Cotesia vestalis adults following spray application. 
 
 
 
 
 
 
Figure 4.8 Residual activity (% mortality ± S.E) of spinosad on Chinese cabbage 
against Cotesia vestalis adults following spray application. 
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4.4 Discussion 
Jepson et al. (1990) observed that it is difficult to predict the side effects of 
insecticides due to the many interacting factors involved. The present results 
suggest that in the case of abamectin very marked differences in intrinsic toxicity 
between the target pest and natural enemy may be a key factor in the relative 
selectivity of this compound (Figure 4.9).  Shi et al. (2004) also reported a visible 
difference in avermectin toxicity to P. xylostella and C. vestalis. 
 
 
 
 
 
 
 
Figure 4.9 Comparing LC50 values of four insecticides against P. xylostella larvae 
and C. vestalis adults. (A) 24 h exposure to insecticide; (B) 120 h exposure; (C) 24 h 
exposure + 96 h on untreated leaves. 
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In the present study, marked differences in the intrinsic toxicity of insecticides 
to P. xylostella larvae were observed in leaf-dip bioassays, with abamectin an order 
of magnitude more toxic than lambda-cyhalothrin and two orders of magnitude more 
toxic than indoxacarb and spinosad. These differences in toxicity are in agreement 
with a previous study on P. xylostella (Sayyed and Wright, 2006). Abamectin has 
been reported to be highly active against P. xylostella populations in various studies 
(e.g. Arora et al., 2003; Eziah et al., 2008). 
In contrast, there was relatively little difference in the intrinsic toxicity of the 
above insecticides to C. vestalis adults, with lambda-cyhalothrin and abamectin 
showing similar toxicity. Lambda-cyhalothrin was significantly more toxic compared 
with indoxacarb and spinosad but the difference in toxicity was only 2.5 – 3 fold; the 
same order of toxicity has been reported for these compounds by Haseeb et al., 
(2004).   
All the compounds tested were less toxic to C. vestalis compared with P. 
xylostella. Such differences are likely to be due in part to differences in the rate of 
uptake of pesticides by these two species, with the non-phytophagous species C. 
vestalis taking up pesticide primarily through the cuticle by contact action rather than 
by contact and feeding as in the case of P. xylostella larvae. The rapid adsorption of 
pesticide residues into the leaf will also reduce the amount available for contact 
uptake (e.g. Iqbal et al., 1996; Kaspi and Parrella, 2005).  
When the LC50 ratio of each compound was calculated [LC50 for Cotesia / 
LC50 for Plutella], abamectin showed a toxicity ratio of c. 2450, compared with c. 96 
for lambda-cyhalothrin, c. 21 for spinosad and c. 24 for indoxacarb (Table 4.5; B). 
This suggests differential toxicity may be one factor responsible for the reported 
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compatibility of abamectin under field conditions with parasitoids of P. xylostella 
(Verkerk and Wright, 1997). However, the pyrethroid, lambda-cyhalothrin, which is 
reported to be harmful to natural enemies (Section 2) also had a high toxicity ratio, 
while indoxacarb and spinosad, which are reported to be relatively compatible with 
natural enemies, had by far the lowest toxicity ratios. Clearly, other major factors are 
involved in determining selectivity for such compounds such as sub lethal effects on 
natural enemies and their adverse effect on the environment and to humans (US 
EPA, 2002: Bahlai et al., 2010).   
 
Table 4.5 Relative toxicity of insecticides to C. vestalis adults and P. xylostella 
larvae. (A) 24 h exposure to insecticide; (B) 120 h exposure; (C) 24 h exposure + 96 
h on untreated leaves. 
Insectcicide   Relative toxicity (LC50 C. vestalis /LC50 P. xylostella)    
      (A)  (B)  (C) 
lambda-cyhalothrin           28.3  96  79 
abamectin                    525  2450  930 
indoxacarb                     16.8  24  30.5 
spinosad                     13.4  21.3  18.7 
 
The residual toxicity experiments showed a clear difference between lambda-
cyhalothrin and indoxacarb, which retained significant residual toxicity against P. 
xylostella and C. vestalis for at least 14 days, compared with the less persistent 
compounds, abamectin and spinosad. These results are in agreement with the work 
of Xu et al. (2004), who reported that indoxacarb and lambda-cyhalothrin were more 
persistent on foliage than spinosad. The relative lack of persistence of abamectin 
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and spinosad on foliage has been reported in various other studies (Hassan et al., 
1998; Haseeb and Amano, 2002; Veire et al., 2002; Kamel et al., 2007; Sharma et 
al., 2007; Soudamini et al., 2009).  
The rate of adsorption of pesticide into the leaf may be a major factor in 
limiting the exposure of non-phytophagous insects to residual deposits of 
insecticides. Reduced bioavailability of pesticide residues to non-phytophagous 
insects could be assumed to be greater for systemic or translaminar compounds 
(e.g. abamectin), due to their adsorption into the epicuticular wax layer and into the 
underlying leaf tissues, compared with non-systemic compounds, such as 
pyrethroids, which would remain in the epicuticular wax layer (Iqbal et al., 1996; 
Kaspi and Parrella, 2005).  Pesticide residues that remain on the leaf surface may 
also be vulnerable to more rapid loss due, for example, to greater exposure to 
photochemical degradation (Connell et al., 1989).  In the next section, the distribution 
of toxic pesticide residues between the epicuticular wax layer and underlying leaf 
tissues is examined using insect bioassays.  
 
 
 
 
 
 
  
73 
 
CHAPTER 5: Effect of leaf surface wax on intrinsic and 
residual toxicity of insecticides against Plutella xylostella  
larvae and intrinsic activity against adult Cotesia vestalis 
 
5.1 Introduction  
The surface of the plants is covered by a supporting layer called cuticle 
(Samuels et al., 2008), composed of two main parts, an insoluble cuticular 
membrane and soluble waxes, cutin and polyester polymers (Kolattukudy, 1996; 
Stark and Tian, 2006). Wax is a complex mixture of lipids (Koch et al., 2004), usually 
comprising long chain hydrocarbons, such as esters, ketones, alkanes, primary 
alcohols and other derived compounds (Shepherd and Griffiths, 2006), and is a solid 
partially crystalline aggregate at room temperature (Reynhardt, 1997). Waxes are 
either embedded into the leaf polymeric matrix, called intracellular wax, or deposited 
at the leaf surface, called epicuticular wax (Jetter and Schaffer, 2001). Epicuticular 
wax is the outer most part of the plants and is a barrier between the plant and its 
surroundings, protecting the plant against environmental stresses (Figure 5.1; 
Schönher, 1982; Riederer and Schreiber, 1995; Beittenmiller, 1996).  
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Figure 5.1 Transverse view of the typical surface structure of plant foliage: (a,d) 
epidermal cell, (b) stoma, (c) mesophyll, (e) pectin, (f) cutin and embedded waxes, 
(g) epicuticular waxes (Katagi, 2004). 
 
 
De Bary in 1871, using light microscopy, was the first person to describe leaf 
waxes calling them ‘kristalloids’ (Koch et al., 2004). The crystalline structure of most 
plant surface waxes has now been described (Reynhardt, 1997; Meusel et al., 1994, 
1999, 2000). 
 Briefly, plant surface wax is a hydrophobic structure that can be extracted in 
organic solvents such as chloroform or hexane (Buschhaus and Jetter, 2011). The 
proportion of major wax components varies between and within the plant species 
(Beittenmiller, 1996). The same plant may vary in its wax components from part to 
part, tissue to tissue or organ to organ, depending on genetic and environmental 
factors, maturation and growth (Beittenmiller, 1996; Angioni et al., 2004). Commonly 
paraffins are found as wax in leaves of peas and cabbages (Holloway and Jeffree, 
2005). 
 Plant wax morphology and chemistry play an important role in plant-
insect interactions (Takahashi et al., 1990), with the outer most boundary of all 
organs, the plant cuticle, acting as the principal barrier between the plant and its 
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environment (Bernard and Joubes, 2013). The cuticle plays a vital role in the plant 
stress response and adaptation and is also involved in plant development. The 
biochemistry and thickness of the plant cuticle varies between species and in the 
same species at different developmental times (Jenks et al., 1995; Buschhaus and 
Jetter, 2011). Plant cuticles comprise of two lipophilic parts, the cutin and the 
epicuticular wax (Samuels et al., 2008). The latter plays an important role in plant 
protection against UV radiation and conservation of light for photosynthesis (Holmes 
and Keiller, 2002) and is a key factor in restricting water loss (Riederer and 
Schreiber, 2001). 
The permeability of the plant cuticle to water and non-ionic compounds 
(pesticides, herbicides, xenobiotics) has been of particular interest, and is directly 
proportional to the mobility and solubility of these molecules (Schreiber, 2005). The 
permeability of plants to water and organic compounds, including pesticides, 
increased on removal of surface waxes by 10- to 1000-fold (Schönher, 1976; 
Schönher and Baur, 1994).  
 The penetration and persistence of foliar pesticide sprays is influenced by 
various leaf characteristics, including cuticle composition (epicuticular wax, cutin and 
pectin), leaf angle and the number of stomata (McWhorter, 1985; Wanamarta and 
Penner, 1989; Riederer and Schreiber, 1995; Kirkwood, 1999; Chowdhury et al., 
2005; Riccio et al., 2006) as well as pesticide characteristics, such as formulation, 
lipophilicity and concentration of active ingredient (Riederer and Schönher, 1988; 
Bukovac et al., 1990; Baur et al., 1996; Baur et al., 1997). The removal of 
epicuticular wax has been shown to increase the absorption of pesticide (Kirkwood 
et al., 1982).  
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Pesticide persistence in plants is influenced by various factors, including 
formulation, volatility, solubility, the method of application; and environmental factors, 
notably temperature, humidity and wind (Willis and McDowell, 1987; Navarro and 
Navarro, 2007; Haydock et al., 2012; Matthews et al., 2014); and plant 
characteristics, such as  species and life stage (Edward, 1975).  
 There have been various studies on the effects of plant wax on insect 
behaviour, including oviposition, feeding, mobility and attachment (Bodnaryk, 1992; 
Eigenbrode and Espelie, 1995; Juniper, 1995; Eigenbrode, 1996; Brennan et al., 
2001; Gorb and Gorb, 2002; Gaume et al., 2002). Less attention has been given to 
the effect of the epicuticular wax layer on the bioavailability of pesticides to target 
and non-target insects (Chowdhury et al., 2005). In the present study, the interaction 
between plant surface wax and efficacy of foliar pesticide applications against P. 
xylostella larvae and C. vestalis adults was examined. Due to the loss of the culture, 
residual experiments could not be conducted with C. vestalis. 
 
5.2 Materials and Methods 
5.2.1 Plants 
Chinese cabbage plants were produced as described in Section 3.1. 
 
5.2.2 Insects 
Plutella xylostella and C. vestalis cultures were maintained as described in 
Sections 3.2.1 and 3.2.2.  
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5.2.3 Chemicals  
Test solutions of insecticide formulations (lambda-cyhalothrin 5% EC, 
Indoxacarb 30% G, Spinosad 48% SC and abamectin 1.8%EC) were prepared in 50 
ppm Triton X-100 as described in Section 3.3. HPLC grade chloroform was used for 
extracting leaf wax (Section 3.3). 
 
5.2.4 Leaf-dip bioassays 
Leaf-dip application of insecticides to Chinese cabbage leaf discs (4.8 cm) 
was as described in Section 3.5.1.1 Bioassays with P. xylostella larvae and C. 
vestalis adults were conducted as described in Sections 3.5.1.2 and 3.5.3.2. 
 
5.2.5 Wax extraction 
Wax from the leaf discs was extracted with chloroform as described in Section 
3.4.  
 
5.2.6 Residual activity on sprayed Chinese cabbage plants 
Plants were sprayed with the estimated LC50 dose for each insecticide 
described in section 2.5.2.1 and bioassays conducted with P. xylostella larvae as 
described in Section 3.5.2.2. 
 
5.2.7 Statistical analysis 
Data for intrinsic toxicity and pesticide residual activity were analysed in R as 
described in Section 3.7. 
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5.3 Results  
5.3.1 Leaf surface wax and intrinsic toxicity of pesticides on Chinese cabbage 
leaves (leaf dip application) to Plutella xylostella larvae 
Removal of epicuticular wax from freshly-treated (day 0) leaf discs appeared 
to reduce the residual toxicity (LC50) of each insecticide against P. xylostella larvae 
(2.5 to 7-fold) although none of the differences were significant at the 1% level 
(Table 5.1).  
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Table 5.1 Effect of removal of epicuticular wax on the intrinsic toxicity of insecticides on Chinese cabbage leaf discs to Plutella 
xylostella larvae (24 h bioassay). 
Insecticide                                              With wax                                         Without wax 
                                                       LC50 [ppm]*          Slope ± SE            LC50 [ppm]*         Slope ± SE 
                                                           (95% FL)                                       (95% FL)             
 
lambda-cyhalothrin                0.3 (0.09-1.1) a,b      0.4 ± 0.07               2.1 (0.03-3.1) a,b       0.1 ± 0.1    
abamectin                          0.02 (0.05-1.2) a,b    0.3 ± 0.07               0.05 (0.04-0.1) b        3. 5 ± 1.3  
indoxacarb                          0.8 (0.4-1.6) a           0.8 ± 0.06               4.6 (0.07-27.4) a,b     0.2 ± 0.1  
spinosad                          1.1 (0.1-10.9) a,b      0.2 ± 0.05               5.0 (0.01-12.6) a,b     0.1 ± 0.1  
 
*Values sharing a common letter have non-overlapping 95% FL and are not significantly different at p>0.01. 
 
  
80 
 
5.3.2 Leaf surface wax and intrinsic toxicity of pesticides on Chinese cabbage 
leaves (leaf dip application) to Cotesia vestalis adults 
Removal of epicuticular wax from freshly-treated (day 0) leaf discs 
significantly (p<0.01) and consistently reduced (c. 10-fold) the residual toxicity (LC50) 
of each insecticide against C. vestalis adults (Table 5.3).  Lambda-cyhalothrin was 
significantly (p<0.01) more toxic than indoxacarb and spinosad on leaves with wax 
and significantly (p<0.01) more toxic than abamectin and indoxacarb on leaves 
without wax (Table 5.2). 
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Table 5.2 Effect of removal of epicuticular wax on the intrinsic toxicity of insecticides on Chinese cabbage leaf discs to Cotesia 
vestalis adults (24 h bioassay). 
Insecticide                               With wax                                                 Without wax 
                                           LC50 [ppm]*       Slope ± SE                    LC50 [ppm]*         Slope ± SE     
                                             (95% FL)                                                 (95% FL)   
 
lambda-cyhalothrin      8.5 (6.4-11.0) a      1.1 ± 0.3                    80.0 (68.3-93.7) c       4.5 ± 2.5  
abamectin               10.5 (7.3-13.3) a,b   1.1 ± 0.3                  118 (104.4-132.5) d,e  6.9 ± 3.7  
indoxacarb               13.4 (12.7-14.2) b    7.2 ± 1.2                  138 (126.7-150.2) e     9.3 ± 4.3  
spinosad               14.7 (12.1-15.3) b    2.8 ± 0.6                   98.4 (89.2-108.4) c,d  8.1 ± 3.3  
  
*Values sharing a common letter have non-overlapping 95% FL and are not significantly different at p>0.01 
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5.3.3 Leaf surface wax and residual activity of pesticides on Chinese cabbage 
leaves (spray application) to Plutella xylostella larvae 
Removal of epicuticular wax significantly reduced the residual activity for each 
insecticide at different times after application (Table 5.3; F=54.23, d.f=30,31, 
p<0.001). The greatest reduction in residual toxicity with wax removal occurred at 
day 0 for each compound.  
 
Table 5.3 Effect of removal of epicuticular wax on the residual toxicity of insecticides 
on Chinese cabbage to Plutella xylostella larvae (24 h bioassay). 
Leaf 
surfaces 
 Days after   
 treatment 
 
 
lambda-
cyhalothrin  
(2.05ppm) 
% mortality ± 
SE 
  indoxacarb       
(4.6ppm) 
 
spinosad 
(5ppm) 
 
abamectin 
(0.05ppm) 
With wax 
 
 
Without 
wax 
0 
7 
14 
0 
7 
14 
100 
100 
 60 ± 0.2 
 17 ± 0.7 
 13 ± 0.8 
 10 ± 0.8    
100 
 63 ± 0.2 
 27 ± 0.2 
 20 ± 0.8 
 10 ± 0.9  
   0 
 100 
  43 ± 0.1 
  10 ± 0.2 
  23 ± 0.7 
    0 
    0 
     100 
      30 ± 0.3 
      10 ± 0.6 
      17 ± 0.8 
        7 ± 0.9   
        0 
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5.4 Discussion 
The present study found that removal of epicuticular wax reduced by about 
11-fold the toxicity of fresh, leaf-dip insecticide deposits on Chinese cabbage for all 
compounds against adult C. vestalis (Table 5.4).  This suggests that for recently 
applied insecticide, most of the active compound remains available within the leaf 
wax layer for insect contact activity, irrespective of whether the compound applied is 
known to have translamInar activity (e.g. abamectin) or not (lambda-cyhalothrin) 
(Iqbal et al., 1996; Kaspi and Parrella, 2005).  
Table 5.4 Reduction in toxicity of insecticides after removal of wax against C. vestalis 
adults.  
insecticide       (LC50 C. vestalis without wax/LC50 C. vestalis with wax)   
        
lambda-cyhalothrin            9.4 
abamectin                    11.2 
indoxacarb                     10.3 
spinosad                      6.7 
 
The same trend was found for leaf-dip bioassays with P. xylostella larvae 
(Table 5.5) but the very high variances observed for the ‘without wax’ treatment 
precluded any significant differences between treatments. The greater variances 
found in the ‘without wax’ treatment for P. xylostella larvae may be due to differences 
in the rate and depth of feeding on leaf tissues of individual insect larvae, where 
insecticide pick-up is by feeding as well as contact, compared with lower differences 
in contact pick up by individual adult parasitoids.  Other potential sources of variance 
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include differences in the amount and composition of epicuticular waxes between 
different leaves and plants and variation in the efficiency of the wax removal method. 
 
Table 5.5 Reduction in toxicity of insecticides after removal of wax against P. 
xylostella larvae.  
insecticide   (LC50 P. xylostella without wax/LC50 P. xylostella with wax)   
        
lambda-cyhalothrin           7.0 
abamectin                    2.5 
indoxacarb                     5.8 
spinosad                     4.5 
  
For fresh deposits of insecticide on intact leaves (with wax), the relative 
toxicity or ‘selectivity’ (LC50 parasitoid/LC50 pest) (Table 5.6) was very similar for 
lambda-cyhalothrin (c. 30-fold), indoxacarb and spinosad (c.15-fold) when compared 
with abamectin (c. 500-fold). This difference can be accounted for by the much 
greater intrinsic activity of abamectin compared with the other compounds against P. 
xylostella larvae.    
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Table 5.6 Relative toxicity of insecticides to C. vestalis adults and P. xylostella 
larvae. 
insectcicide   Relative toxicity (LC50 C. vestalis /LC50 P. xylostella)    
      with intact leaf 
lambda-cyhalothrin          28.3 
abamectin                    525 
indoxacarb                    16.8 
         spinosad                    13.4 
 
As discussed in the previous chapter (Section 4.4), bioassays with P. 
xylostella larvae indicated that lambda-cyhalothrin and indoxacarb were more 
persistent than abamectin and spinosad following spray application to Chinese 
cabbage plants.  In the current chapter, using single doses of each insecticide, 
bioassays with P. xylostella on leaves with wax indicated that lambda-cyhalothrin, 
and to a lesser degree indoxacarb, was more persistent than abamectin and 
spinosad.  When the wax layer was removed prior to bioassay, freshly sprayed 
deposits of each insecticide (day 0) showed a similar pattern to the leaf-dip 
experiments, in this case reducing mortality from 100% to c. 20%. The effect of wax 
removal from leaves 7 and 14 days after spray application on insect mortality 
indicated that a considerable amount of the total toxic residues still present in the 
leaf were retained in the surface wax layer. In the case of spinosad, removal of 
epicuticular wax after 7 days completely removed detectable insecticidal activity; 
removal of epicuticular wax after 14 days had the same effect for indoxacarb and 
abamectin.   
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 The finding that all the compounds tested retained a considerable amount of 
their insecticidal activity in the epicuticular wax layer over a period of weeks is of 
particular interest. The present work was conducted with plants maintained under 
relatively controlled glasshouse conditions. For plants under field conditions, where 
more variable conditions will occur, including temperature, rainfall, wind and ultra 
violet radiation, pesticide deposits in the epicuticular wax layer would be more 
vulnerable than those under glass to the process of physical and chemical 
degradation. 
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CHAPTER 6: Intrinsic and residual toxicity of insecticides 
against Myzus persicae and Aphidius colemani 
 
6.1 Introduction 
Myzus persicae infests a wide range of plants in almost 40 different families 
and has a cosmopolitan distribution (Blackman and Eastop, 1984; Foster et al., 
2007; Section 2.9). In addition to causing direct damage to plants through feeding, 
M. persicae is an important vector of plant viruses (Unruh and Willett, 2008). 
Chemical control remains the principal method of controlling M. persicae on field 
crops and overuse of insecticides has resulted in widespread resistance in this 
species (Barber et al., 1999, Foster et al., 2007). 
Aphidius colemani is a key parasitoid of M. persicae (Van Steenis, 1993; 
Jones et al., 2003), which is available commercially for control of aphids on protected 
crops (Section 2.10).  
In this chapter, studies on the intrinsic and residual toxicity of insecticides on 
M. persicae and A. colemani in order to compare the selectivity observed with P. 
xylostella and C. vestalis are described (Chapter 4) in a second brassica pest-
parasitoid system. Such studies should help define the importance of factors such as 
insect behaviour in determining insecticide selectivity.  
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6.2 Materials and Methods 
6.2.1 Plants 
Chinese cabbage plants were grown in John Innes No. 2 compost in a 
greenhouse under controlled environment conditions (Section 3.1).  
 
6.2.2 Insect cultures 
A M. persicae culture was obtained from Koppert (Section 3.2.3). Aphidius 
colemani were provided by Koppert (Section 3.2.4). 
 
6.2.3 Chemicals 
Formulated products of lambda-cyhalothrin, abamectin, indoxacarb and 
spinosad were used (Section 3.3).  
 
6.2.4 Leaf-dip bioassay with Myzus persicae and Aphidius colemani adults 
Leaf-dip bioassays were conducted as described in Sections 3.5.5.1 and 
3.5.7.1.  
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6.2.5 Residual bioassays with Myzus persicae and Aphidius colemani adults 
following spray application of insecticides on Chinese cabbage leaves 
Chinese cabbage plants were sprayed with insecticides and kept in a 
greenhouse under controlled environment conditions (Section 3.5.2.1). Residual 
bioassays with M. persicae and A. colemani were as described in Sections 3.5.6 and 
3.5.8.1.  
 
6.2.6 Statistical analysis 
Analyses were conducted using R version 3.0.2 (R Development Core Team, 
2013). Estimated LC50 values with 95% fiducial limits (FL) and the slope ± S.E. of the 
dose-response curve were obtained using generalized linear models (GLIM) with 
binomial errors. Pairwise comparisons of LC50 values were significant at the 1% level 
if their respective 95 % FL’s did not overlap (Crawley, 2007). Residual bioassay data 
at different spray rates were analysed using GLIM with quasibinomial errors to 
correct for overdispersion, and were subjected to analysis of variance (ANOVA) with 
significance at the 1% level (Crawley, 2007).  
 
6.3 Results 
6.3.1 Leaf dip bioassay with Myzus persicae adults 
Lambda-cyhalothrin was markedly more toxic (p<0.01) than indoxacarb or 
spinosad under all exposure conditions but was only significantly (p<0.01) more toxic 
than abamectin after 120 h exposure (Table 6.1). Abamectin was significantly 
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(p<0.01) more toxic than indoxacarb or spinosad under all exposure conditions. 
Spinosad was significantly (p<0.01) less toxic than the other compounds except 
compared with indoxacarb after 24 h exposure plus 96 h on untreated leaves.  
Increased exposure time (120 h) significantly (p<0.01) increased the mortality of M. 
persicae for lambda–cyhalothrin compared to 24 h exposure plus 96 h on untreated 
leaves (Table 6.1, B v C). Increased exposure time had no apparent effect on the M. 
persicae for the other compounds with the exception of indoxacarb (Table 6.1, B v 
C). 
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Table 6.1 Intrinsic toxicity of insecticides on Chinese cabbage leaves against Myzus persicae adults after: A) 24 h exposure to 
insecticide; B) 120 h exposure; C) 24 h exposure + 96 h on untreated leaves. 
      A             B                   C 
Insecticide                        LC50 [ppm]*                                            LC50 [ppm]*                                          LC50 [ppm]*  
                                          (95% FL)      Slope ± SE                        95% FL)         Slope ± SE                    (95% FL)       Slope ± SE 
  
lambda-cyhalothrin        4.1 (2.6-6.3)a     1.6 ± 0.6                       1.7 (1.5-1.9)c         5.2 ± 0.9                    3.5 (3.0-4.5)a          1.8 ± 0.7 
abamectin                  5.5 (1.4-7.1)a     3.1 ± 1.1                       3.8 (3.5-4.0)a         2.5 ± 0.5                    4.4 (3.7-5.4)a          3.9 ± 1.1 
indoxacarb                18.1 (15.6-19.6)b 3.3 ± 1.0                     13.5 (12.7-14.4)d   7.5 ± 1.3                  16.4 (13.5-20.0)b    3.1 ± 1.0 
spinosad                24.5 (22.1-27.4)b 3.9 ± 0.8                     21.7 (19.5-24.0)b   5.2 ± 1.0                  23.1 (18.9-28.1)b   3.3 ± 0.9 
*Values within columns sharing a common letter have non-overlapping 95% FLs and are not significantly different at p<0.01. 
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6.3.2 Residual activity of insecticides against Myzus persicae adults following 
spray application on Chinese cabbage leaves 
All four compounds showed a significant (p<0.01) decrease in residual activity 
with time (Table 6.2). Residual activity for each compound was positively correlated 
with the spray concentration applied (Figures 6.1–6.4). Lambda-cyhalothrin showed 
the greatest persistence in activity, although activity decreased significantly (F=13.5, 
d.f=8,14 p<0.001) 28 days after spray application (Table 6.2; Figure 6.1). Indoxacarb 
showed a significant (F=11.0, d.f=8,14, p<0.001) decline in residual activity after day 
14; little residual activity remained after 28 days (Table 6.2; Figure 6.3). Both 
abamectin (F=7.5, d.f=8,14, p<0.001) and spinosad (F=9.2, d.f=8,14, p<0.001) 
showed a significant reduction in residual activity after 7 days (Table 6.2; Figures 6.2 
and 6.4).  
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Table 6.2 Residual toxicity (LC50) of insecticide deposits on Chinese cabbage against       
Myzus persicae adults. 
 Days 
after  
application                  
Insecticides LC50 [ppm]  
(95% FL) 
Slope ± SE  
 
  
0 lambda-cyhalothrin 4.01 (3.3-4.9) 2.6 ± 0.6  
7 lambda-cyhalothrin 8.1 (5.7-11.4) 1.4 ± 0.5  
14 lambda-cyhalothrin 23.6 (4.3-130.6) 0.9 ± 0.6  
28 lambda-cyhalothrin 39.9 (13.5-117.3) 0.3 ± 0.3  
0 abamectin 5.9 (5.2-6.8) 3.2 ± 0.7  
7 abamectin 25.5 (4.8-133.7) 2.5 ± 1.3  
14 abamectin <8% mortality (at maximum 
applied dose of 10 ppm) 
  
0 indoxacarb 23.4 (21.3-25.7) 5.0 ± 1.1  
7 indoxacarb 42.9 (31.6-58.3) 10.3 ± 6.1  
14 
28 
indoxacarb 
indoxacarb 
56.1 (26.3-119.3) 
<6% mortality (at maximum 
dose of 45 ppm) 
2.4 ± 1.4  
 
0 spinosad 35.7 (32.4-39.5) 5.1 ± 1.6  
7 spinosad 97.8 (41.9-226.3) 1.7 ± 0.9  
14 spinosad <15% mortality (at maximum 
dose of 60ppm) 
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Figure 6.1 Residual activity (% mortality ± S.E) of lambda-cyhalothrin on Chinese 
cabbage against Myzus persicae adults following spray application. 
 
 
 
 
 
Figure 6.2 Residual activity (% mortality ± S.E.) of abamectin on Chinese cabbage 
against Myzus persicae adults following spray application. 
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Figure 6.3 Figure 4.3 Residual activity (% mortality ± S.E.) of indoxacarb on Chinese 
cabbage against Myzus persicae adults following spray application. 
 
 
 
 
 
 
Figure 6.4 Residual activity (% mortality ± S.E.) of spinosad on Chinese cabbage 
against Myzus persicae adults following spray application. 
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6.3.3 Leaf dip bioassay with Aphidius colemani adults 
Lambda-cyhalothrin was markedly more toxic (p<0.01) than indoxacarb or 
spinosad under all exposure conditions but was only significantly (p<0.01) more toxic 
than abamectin at 120 h exposure (Table 6.3). Abamectin was significantly (p<0.01) 
more toxic than indoxacarb or spinosad. Spinosad was significantly (p<0.01) less 
toxic than the other compounds.  Increased exposure time (120 h) significantly 
(p<0.01) increased mortality of A. colemani for lambda–cyhalothrin and indoxacarb 
compared 24 h exposure plus 96 h on untreated leaves. Increased exposure time 
had no apparent effect on the mortality of A. colemani for abamectin or spinosad 
(Table 6.3). 
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Table 6.3 Intrinsic toxicity of insecticides on Chinese cabbage against Aphidius colemani adults after: A) 24 h exposure to 
insecticide; B) 120 h exposure; C) 24 h exposure + 96 h on untreated leaves. 
          A                B              C 
Insecticide                          LC50 [ppm])*                                       LC50 [ppm]*                                           LC50 [ppm]*  
                                              (95% FL       Slope ± SE                (95% FL)          Slope ± SE                 (95% FL)           Slope ± SE  
lambda-cyhalothrin          4.9 (2.7-8.8)a          1.7 ± 0.7                    2.5 (2.1-4.2)d          2.2 ± 0.6           3.9 (3.5-4.5)a       3.1 ± 0.5 
abamectin                   6.6 (4.8-9.3)a           1.9 ± 0.6                    3.9 (3.2-4.8)a          1.5 ± 0.6           4.2 (3.7-4.9)a       2.5 ± 0.5 
indoxacarb                 19.6 (18.5-20.7)b     7.5 ± 1.4                  16.4 (15.8-17.2)b    9.9 ± 1.9                  18.5 (17.6-19.4)b   7.7 ± 1.3         
spinosad                 27.1 (23.1-29.5)c     4.7 ± 1.3                   22.2 (17.5-28.1)c   1.9 ± 0.6                   25.3 (24.3-27.2)c  8.5 ± 1.4 
*Values within columns sharing a common letter are non-overlapping at 95% FL and are not significantly different at p<0.01. 
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6.3.4 Residual activity of insecticides against adults Aphidius colemani  
All four compounds showed a significant (p<0.01) decrease in residual activity 
with time (Table 6.4). Residual activity for each compound was positively correlated 
with the spray concentration applied (Figures 6.5–8.8). Lambda-cyhalothrin showed 
the greatest persistence in activity, although activity decreased significantly (F=7.95, 
d.f=4,8 p<0.01) 28 days after spray application (Table 6.4; Figure 6.5). Indoxacarb 
showed a significant (F=5.6, d.f=4,8 p<0.01) decline in residual activity after day 14; 
little residual activity remained after 28 days (Table 6.4; Figure 6.7). Both abamectin 
(F=4.8, d.f=4,8, p<0.01) and spinosad (F=3.7, d.f=4, p<0.01) showed a significant 
reduction in residual activity after 7 days (Table 6.4; Figures 6.6 and 6.8).  
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Table 6.4 Toxicity of insecticides at different days after treatment against Aphidius     
colemani adults. 
  Days 
after 
  
application 
      Insecticides LC50 [ppm]  
(95% FL) 
Slope ± SE  
 
 
 0 lambda-cyhalothrin 5.5 (3.94-7.8) 3.6 ± 1.6  
 7 lambda-cyhalothrin 7.01 (2.1-23.8) 0.8 ± 0.6  
 14 lambda-cyhalothrin 30.3 (5.1-180.5) 1.1 ± 0.9  
 28 lambda-cyhalothrin 48.4(33.3-70.2) 1.3 ± 0.5  
  0 abamectin 7.9 (3.10-12.02) 3.8 ± 1.4  
7 abamectin 19.5 (9.5-40.4) 1.3 ± 0.8  
14 abamectin <10% mortality (at 
maximum dose of 20 ppm) 
  
  0 Indoxacarb 29.1 (24.8-34.2) 4.7 ± 1.6  
7 Indoxacarb 44.7 (30.5-65.5) 1.4 ± 0.8  
14 
28 
Indoxacarb 
indoxacarb 
66.8(45.5-73.5) 
<5% mortality (at 
maximum dose of 45 ppm) 
2.1 ± 0.8  
 
 0 spinosad 37.2 (33.3-41.5) 4.2 ± 0.9  
 7 spinosad 94(33.9-262.01) 2.5 ± 1.6  
14 spinosad <10% mortality (at 
maximum dose of 60 ppm) 
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Figure 6.5 Residual activity (% mortality ± S.E) of lambda-cyhalothrin on Chinese 
cabbage against Aphidius colemani adults following spray application.  
 
 
 
 
Figure 6.6 Residual activity (% mortality ± S.E) of abamectin on Chinese cabbage 
against Aphidius colemani  adults following spray application.  
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Figure 6.7 Residual activity (% mortality ± S.E) of indoxacarb on Chinese cabbage 
against Aphidius colemani adults following spray application. 
 
 
 
 
 
 
Figure 6.8 Residual activity (% mortality ± S.E) of spinosad on Chinese cabbage 
against Aphidius colemani adults following spray application. 
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6.4 Discussion 
In contrast to P. xylostella larvae and C. vestalis adults, where there was a 
marked difference in the intrinsic activity of the insecticides tested between the pest 
and the parasitoid (Chapter 4), there was no apparent difference in intrinsic toxicity 
of these compounds to M. persicae adults and A. colemani adults (Figure 6.9).  This 
difference in response between the two brassica pest-parasitoid systems was due 
largely to the much lower toxicity of each compound against M. persicae adults 
compared with P. xylostella larvae.  
 
 
 
 
 
Figure 6.9 Comparing LC50 values of four insecticides against M. persicae and A. 
colemani adults. (A) 24 h exposure to insecticide; (B) 120 h exposure; (C) 24 h 
exposure + 96 h on untreated leaves. 
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While the toxicity for each compound was relatively similar for C. vestalis and 
A. colemani, the data did suggest that indoxacarb and spinosad were about 3-fold 
less toxic against the latter parasitoid species.  
The impact of insecticides on non-target organisms is influenced by the routes 
of exposure (Longley and Stark, 1996), pesticide persistence (Wennergren and 
Stark, 2000) and dose (Desneux et al., 2004). The differences in relative toxicity 
found for each of the insecticides tested against the two pest species in the present 
study most likely reflects differences in the activity of the insects on foliage and in 
particular their feeding behaviour, which would influence the rate of uptake of 
toxicant by contact action and by ingestion, respectively. Differences in the toxicity of 
insecticides related to differences in insect feeding behaviour have been reported by 
several authors (Shi et al., 2004; Sarfraz and Keddie, 2005). Interacting effects due 
to differences in target site activity between the aphid and parasitoid species 
examined in the present study are also likely.  
Of the insecticides tested, lambda-cyhalothrin is reported to be active against 
a wide range of insects, including aphids, lepidopteran and coleopteran species 
(Jutsum et al., 1984, Vandekerkhove and Clercq, 2004), its activity is greater by 
ingestion rather than by contact action (Vandekerkhove and Clercq, 2004). 
Abamectin is very active against phytophagous mite species, dipteran leafminers 
and various lepidopteran species, including P. xylostella, and is also reported to 
have activity against aphids, thrips and whiteflies (Dybas, 1989; Dehghani et al., 
2012).  Indoxacarb and spinosad are primarily marketed against lepidopteran pests 
and are not reported to be particularly active against aphid species (Nauen and 
Bretschneider, 2002; Grafton-Cardwell et al., 2005).  
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The relatively similar levels of intrinsic activity of each insecticide against the 
two parasitoid species (Figure 6.10) might suggest that uptake through contact 
activity was relatively similar for the two species, although, as above, interacting 
effects of differences in target site activity between species could be involved.  
Predators show more variable responses to pesticides than the parasitoids (Theiling 
and Croft, 1988), which may reflect differences in rates of prey consumption as well 
as differences in contact activity on foliage.  
 
 
 
 
 
Figure 6.10 Comparing LC50 values of four insecticides against C. vestalis and A. 
colemani adults. (A) 24 h exposure to insecticide; (B) 120 h exposure; (C) 24 h 
exposure + 96 h on untreated leaves. 
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In the next section (Chapter 7), the distribution of toxic pesticide residues 
between the epicuticular wax layer and underlying leaf tissues is examined using 
insect bioassays to determine whether the pattern of activity found in wax stripping 
experiments with P. xylostella and C. vestalis (Chapter 5) also applies to a 
comparison between a phloem-feeder (M. persicae) and another parasitoid species 
(A. colemani).  
  The persistence of residual toxicity was found to be the same against both M. 
persicae and A. colemani, and followed the same pattern as in experiments with P. 
xylostella and C. vestalis (Chapter 4). These findings are, as discussed previously 
(Section 4.4), in agreement with previous studies on these compounds. The greater 
persistence of lambda-cyhalothrin on foliage makes it a potentially greater threat to 
the environment and non-target organisms, including natural enemies, compared 
with the less persistent compounds examined particularly abamectin and spinosad 
(Starner, 2007; Wali et al., 2007).   
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CHAPTER 7: Effect of leaf surface wax on Intrinsic and 
residual toxicity of insecticides against Aphidius colemani 
and Myzus persicae 
 
7.1 Introduction 
In this Chapter, similar studies to those conducted with P. xylostella and C. 
vestalis (Chapter 5) are described. The primary aim was to examine further the 
potential influence of feeding behaviour of M. persicae compared with P. xylostella 
larvae on the intrinsic insecticide toxicity as the insecticides partition in the 
epicuticular wax layer and underlying leaf tissues.  Residual bioassays with A. 
colemani, with and without leaf wax, were also conducted.  
 
7.2 Materials and Methods 
7.2.1 Plants 
Chinese cabbage plants were produced as described in Section 3.1. 
 
7.2.2 Insects  
Myzus persicae and A. colemani adults were obtained as described in 
Sections 3.2.3 and 3.2.4.  
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7.2.3 Chemicals  
Test solutions of lambda-cyhalothrin, indoxacarb, spinosad and abamectin 
were prepared as described in Sections 3.3 and 5.2.3. HPLC grade chloroform was 
used for wax extraction (Section 3.3).  
 
7.2.4 Leaf dip bioassays 
Leaf-dip application of insecticides to Chinese cabbage leaf discs (4.8 cm) 
was as described in Section 3.5.1.1.  Half of the treated leaf discs were subjected to 
wax removal (Section 3.4).  Leaf discs without pesticide, were used as controls. 
Bioassays with M. persicae and A. colemani adults were set up as described in 
Sections 3.5.5.2 and 3.5.7.2. Three adult M. persicae or A. colemani were introduced 
to each arena. Mortality was recorded after 24 h exposure to each treatment 
including the control. Each treatment was replicated 10 times (n=30).  
 
7.2.5 Wax extraction 
Wax from the leaf discs was extracted with chloroform as described in Section 
3.4.  
 
7.2.6 Residual activity on sprayed Chinese cabbage plants 
Chinese cabbage plants were sprayed with insecticides and kept in a 
greenhouse under controlled environment conditions (Section 3.5.2.1). Half of the 
treated leaf discs were subjected to wax removal (Section 3.4).  Leaf discs without 
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pesticide, with and without wax removed were used as controls. Residual bioassays 
with A. colemani were as described in Section 3.5.8.2.  Three adult A. colemani were 
introduced to each arena. Mortality was recorded after 24 h exposure to each 
treatment including the control. Each treatment was replicated 10 times (n=30).  
 
7.2.7 Statistical analysis 
Data for intrinsic and residual toxicities were analysed using R, version 3.0.2 
(R Development Core Team, 2013) (Sections 3.7 and 6.2.6).  
 
7.3 Results  
7.3.1 Leaf surface wax and intrinsic toxicity of pesticides on Chinese cabbage 
leaves (leaf dip application) to Myzus persicae adults 
Removal of epicuticular wax from freshly-treated (day 0) leaf discs markedly 
reduced (p<0.01) the residual toxicity (LC50) of each insecticide against adult M. 
persicae (10 to 27-fold; Table 7.1). Removal of epicuticular wax also reduced the 
difference in relative toxicity between the compounds tested, with lambda-cyhalothrin 
and abamectin significantly (p<0.01) more toxic (4.5- to 6-fold) than indoxacarb and 
spinosad on intact leaves but only apparently 2-fold more toxic (not significant,  
p>0.01) on leaves without wax (Table 7.1). 
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Table 7.1 Effect of removal of epicuticular wax on the intrinsic toxicity of insecticides on Chinese cabbage leaf discs to                   
adults of Myzus persicae (24 h bioassay). 
Insecticide                                         With wax                                                            Without wax                       
                                         LC50 [ppm]*             Slope ± SE                             LC50 [ppm]*                Slope ± SE          
                                          (95% FL)                                                               (95% FL)  
lambda-cyhalothrin         4.1 (2.6-6.3) a               1.6 ± 0.6                       111 (106-156) d               3.3 ± 1.9             
abamectin                       5.5 (1.4-7.1) a               3.1 ± 1.1                       135 (114-161) d               6.7 ± 2.8            
indoxacarb                    18.1 (15.6-19.6) b           3.3 ± 1.0                       229 (131-398) d               2.0 ± 1.8            
spinosad           24.5 (22.1-27.4) c           3.9 ± 0.8                       249 (154-401) d               3.2 ± 2.2              
*Values sharing a common letter have non-overlapping 95% FL and are not significantly different at p>0.01.  
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7.3.2 Leaf surface wax and intrinsic toxicity of pesticides on Chinese cabbage 
leaves (leaf dip application) against Aphidius colemani  adults 
Removal of epicuticular wax from freshly-treated (day 0) leaf discs markedly 
reduced (p<0.01) and consistently reduced the residual toxicity (LC50) of each 
insecticide against A. coelmani adults (11- to 18-fold; Table 7.2).  Removal of 
epicuticular wax had less effect on the relative toxicity of the different compounds 
tested, with lambda-cyhalothrin and abamectin significantly (p<0.01) more toxic than 
indoxacarb and spinosad on intact leaves (3- to 5.5-fold) and on leaves without wax 
(3- to 3.5-fold; Table 7.2). 
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Table 7.2 Effect of removal of epicuticular wax on the intrinsic toxicity of insecticides on Chinese cabbage leaf discs to                    
adults of Aphidius colemani (24 h bioassay). 
Insecticide                                                 With wax                                                      Without wax                    
                                         LC50 [ppm]*                  Slope ± SE                     LC50 [ppm]*                 Slope ±  SE     
                                           (95% FL)                                                             95% FL  
  
lambda-cyhalothrin       4.9 (2.7-8.8) a                 1.7 ± 0.7                      89.8 (67.23-120) d            1.5 ± 0.5  
abamectin                6.6 (4.8-9.3) a                 1.9 ± 0.6                      85.3 (71.2-102) d               2.8 ± 0.6          
indoxacarb              19.6 (18.5-20.7) b             7.5 ± 1.4                      279 (165-471) e                 1.1 ± 0.5  
spinosad              27.1 (23.1-29.5) c             4.7 ± 1.3                      294 (216-399) f                  1.4 ± 0.8  
       
 
*Values sharing a common letter have non-overlapping 95% FL and are not significantly different at p>0.01. 
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7.3.3 Leaf surface wax and residual toxicity of pesticides on Chinese cabbage 
leaves (spray application) to Aphidius colemani adults 
The residual activity of the compounds tested against A. colemani adults 
declined from day 0 to day 14 after spray application (Table 7.3; F= 48.32, d.f= 
82,72, p<0.001). Removal of epicuticular wax markedly reduced the residual activity 
for each compound, with the greatest reduction in toxicity with wax removal occurring 
at day 0 (Table 7.3).   
 Lambda-cyhalothin showed the greatest residual toxicity at day 7 and day 14 
leaves compared with the other compounds tested; removal of wax significantly 
reducing its toxicity at day 0 (F=3.9, d.f=116,149, p<0.001) and day 7 (F=5.7, 
d.f=116, 149, p<0.001), with little toxicity remaining after 14 days (Table 7.3; F=0, 
d.f= 116, 149, p<0.001).    
 Indoxacarb appeared to show greater levels of residual activity compared with 
spinosad and abamectin at day 7 and day 14 after spray application (Table 7.3); 
removal of wax significantly reduced its toxicity at day 0 (F=3.5, d.f=116, 119, 
p<0.001), day 7 (F=0, d.f=116, p<0.001) and day 14 (F =0,  d.f=116, 119, p<0.001). 
On intact leaves, abamectin and spinosad had little remaining residual toxicity 
left at day 14 (Table 7.3). For abamectin and spinosad, removal of leaf wax 
significantly reduced residual toxicity at day 0 (F=22.31, d.f=116, 119, p<0.001 and 
F=4.11, d.f=116, 119, p<0.001, respectively) and day 7 (F=0, d.f=116,119 P<0.001 
and F=2.9, d.f=116,119, p<0.05, respectively), with no detectable residual activity for 
either compound at day 14 (Table 7.3).   
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Table 7.3  Effect of removal of epicuticular wax on the residual toxicity of insecticides 
on Chinese cabbage to adult Aphidius colemani (24 h bioassay). 
Leaf 
surfaces 
 
 
Days after 
treatment 
 
lambda-cyhalothrin 
(90ppm) 
% mortality ± SE 
abamectin             
(85ppm) 
 
indoxacarb     
(279ppm) 
 
spinosad 
(294ppm) 
With wax 
 
 
Without 
wax 
0 
7 
14 
0 
7 
14 
        100  
        100  
 75 ± 0.2 
 28 ± 0.5 
        19 ± 0.4 
        12 ± 0.5 
     100  
45 ± 0.3 
10 ± 0.6 
22 ± 0.6 
12 ± 0.6 
No mortality 
    100  
77 ± 0.2 
38 ± 0.3 
24 ± 0.6 
14 ± 0.5 
 3 ± 0.8 
    100  
59 ± 0.3 
12 ± 0.6 
24 ± 0.6 
10 ± 0.6 
No mortality 
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7.4 Discussion 
The present study found that removal of epicuticular wax reduced the toxicity 
of fresh, leaf-dip insecticide deposits by 11- to 18-fold on Chinese cabbage against 
A. colemani adults (Table 7.4), similar findings to those obtained for C. vestalis 
(Chapter 5). This again suggests that for recently applied insecticide, most of the 
active compound remains available within the leaf wax layer for insect contact 
activity, irrespective of whether the compound applied is known to have translaminar 
activity (Section 5.4 and below).  
 
Table 7.4 Reduction in toxicity of insecticides after removal of wax against A. 
colemani adults.  
insecticide       (LC50 A. colemani without wax/LC50 A. colemani with wax)   
        
lambda-cyhalothrin           18.3 
abamectin                    12.9 
indoxacarb                     14.2 
spinosad                      10.8 
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 The same trend was found for leaf-dip bioassays with adult M. persicae with 
particularly marked reductions in the residual toxicity for lambda-cyhalothrin (c. 27-
fold) and abamectin (c. 25-fold) following wax removal (Table 7.5). In contrast to 
similar experiments with P. xylostella (Chapter 5), the experimental variances 
observed for the ‘without wax’ treatments for M. persicae were similar to those 
observed for intact leaves. This suggests that the greater variances observed with P. 
xylostella larvae are more likely to be related to greater variance in feeding activity 
and behaviour (e.g. leaf area versus depth of tissue eaten) in the latter species, than 
to differences in epicuticular waxes between different leaves and plants and variation 
in the efficiency of the wax removal method (Section 5.4). 
 
Table 7.5 Reduction in toxicity of insecticides after removal of wax against M. 
persicae adults.  
insecticide       (LC50 M. persicae without wax/LC50 M. persicae with wax)   
        
lambda-cyhalothrin          27 
abamectin                   24.5 
indoxacarb                    12.7 
spinosad                    10.2 
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 For fresh deposits of insecticide on intact leaves, the relative toxicity or 
‘selectivity’ (LC50 parasitoid/LC50 pest) was very similar for all compounds (Table 
7.6), with no significant differences involved in the toxicity of each particular 
compound against pest or parasitoid. This is in contrast to the much greater 
selectivity of these compounds against P. xylostella compared with C. vestalis, with 
abamectin showing 500-fold selectivity (Section 5.3). This difference can be 
accounted for by the much greater intrinsic activity of all compounds, and in 
particular abamectin, against P. xylostella (Section 5.3) compared with M. persicae.  
In contrast, the intrinsic toxicity of each compound was similar against the two 
parasitoid species tested (Sections 5.3 and 7.3).  
 
Table 7.6 Relative toxicity of insecticides to C. vestalis adults and P. xylostella 
larvae. 
insectcicide   Relative toxicity (LC50 A. colemani /LC50 M. persicae)    
      with intact leaf  
lambda-cyhalothrin          1.2 
abamectin                   1.2 
indoxacarb                    1.1 
         spinosad                    1.1 
 
  As discussed in previous chapters (Sections 4.4, 5.4 and 6.4), bioassays with 
P. xylostella, C. vestalis and M. persicae have all indicated that lambda-cyhalothrin 
and indoxacarb are more persistent than abamectin and spinosad following spray 
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application to Chinese cabbage plants.  Similar results were obtained in the present 
experiment with A. colemani.  
 The leaf wax experiments with A. colemani showed a marked reduction in 
residual activity at day 0 for all compounds following wax removal, indicating that a 
considerable proportion of insecticidal activity was in the epicuticular wax at this 
point and available for contact pick up by the parasitoid. In Section 5.4, it was noted 
that this appeared to be irrespective of whether the compound applied had 
significant translamInar activity (e.g. abamectin) or was relatively immobile (lambda-
cyhalothrin) (Iqbal et al., 1996; Kaspi and Parrella, 2005).  
 Wax stripping at day 7 gave a greater reduction in residual toxicity for lambda-
cyhalothrin and indoxacarb compared with abamectin and spinosad. This might 
suggest that a greater proportion of abamectin and spinosad had been absorbed into 
the leaf tissues below the wax layer compared with the other two compounds but it 
may also reflect a relatively greater degradation rate for abamectin and spinosad in 
the surface wax layer (Bull et al., 1984; Thompson et al., 2000).    
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CHAPTER 8: Sub-lethal effects of insecticide residues on 
parasitoids 
 
8.1 Introduction 
Biological control agents, including parasitoids, conserve Agro ecosystems by 
providing protection against pest populations, for example in British Columbia, 
synergistic suppression of winter moth (Operophtera brumata) was achieved by 
introduction of parasitoids (Cyzenis albicans and Agrypon jlaveolatum) and rove 
beetle predators that were already present (Roland and Embree, 1995; Gardiner et 
al., 2011).  
Parasitoids represented mainly in two major orders of the Insecta, the 
Hymenoptera (including 45 families) and the Diptera (particularly the family 
Tachinidae) (Wajnberg and Colazza, 2013). Before release of a non-indigenous 
parasitoid species into the environment for biological control (Section 2.7), a detailed 
risk analysis is required, including host specificity tests and off-target effects (DAFF, 
2013).  
Agrochemicals, particularly insecticides, can present a major negative 
influence on the effectiveness of parasitoids in controlling pest populations 
(Stavrinides and Mills, 2009). Usually, the effects of these chemicals on parasitoids 
are measured in terms of mortality (He et al., 2013) but in the outside world sub-
lethal effects can also be important (Desneux et al., 2007). 
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Sub-lethal effects of pesticides are defined as “effects, either physiological or 
behavioural, on individuals that survive exposure to a pesticide (the pesticide 
dose/concentration can be sub-lethal or lethal)” (Desneux et al., 2007).  
Initially registration of pesticides for compatibility in IPM was based on acute 
toxicity (mortality) on biological control agents (Candolfi et al., 2000). With greater 
awareness of their importance, researchers have now concentrated more on the 
sub-lethal effects that a pesticide can have on biological control agents (Desneux et 
al., 2004; Desneux et al., 2007; Biondi et al., 2012a; Wrinn et al., 2012). 
 Sub-lethal effects of pesticides can be divided into two major categories: a) 
physiology and b) behavioural (Desneux et al., 2007; Biondi et al., 2013). Most 
studies to date on sub-lethal effects of pesticides have been on reproduction 
(Bengochea et al., 2013), longevity (Planes et al., 2013), orientation (Campos et al., 
2011) and feeding (He et al., 2013).  
  The primary aim of the present study was to evaluate the effect of insecticide 
residues on leaf surfaces on the time spent on leaves by C. vestalis and A. colemani 
in no-choice and choice arenas.  
 
8.2 Materials and Methods 
8.2.1 Plants 
Chinese cabbage plants were grown in John Innes No. 2 compost in a 
greenhouse under controlled environment conditions (Section 3.1).  
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8.2.2 Insect cultures 
Maintenance of Cotesia vestalis and A. colemani was as described previously 
(Section 3.2).  
 
8.2.3 Chemicals 
Formulated products of lambda-cyhalothrin, abamectin, indoxacarb and 
spinosad were used (Section 3.3).  
 
8.2.4 Insecticide application to leaf discs 
Leaves were randomly selected from Chinese cabbage plants, and 4.8 cm 
dia. leaf discs dipped in insecticide solution and bioassays set up as described 
previously (Section 3.5).  Doses selected for experiments on sub-lethal effects were 
based on the LC50 and LC5 values for each insecticide against each parasitoid 
species (Table 8.1).  The LC50 dose was used to examine the behavioural abilities of 
parasitoids that survived this high dose, while LC5 dose was used as a sublethal 
dose to evaluate the response of parasitoids to this lower dose.  Control leaf discs 
were treated with Triton X-100 solution. 
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Table 8.1 LC50 and LC5 doses used to evaluate the sub-lethal effects on parasitoids. 
                                        Cotesia vestalis     Aphidius colemani   
 LC5 dose (ppm)  LC50 dose (ppm)    LC5 dose (ppm)   LC50 dose (ppm)
   
Lambda-cyhalothrin    0.8       7.9       1.4     3.9   
Abamectin                    0.08    9.3       1.3    4.2   
Indoxacarb                    8.8    12.2               12.6   18.5   
Spinosad                       5.7       13.1            15.4  25.3 
 
8.2.5 Time spent on treated leaves (no choice experiment) 
 A single one-day-old adult male or female parasitoid (C. vestalis or A. 
colemani) was introduced to the test arena (5 cm dia. Petri dish) containing either a 
treated or a control leaf disc. Observations were made for 10 minutes per insect 
(Section 3.6.1). Each treatment was replicated 12 times. 
 
8.2.6 Time spent on treated or untreated leaf hemispheres (choice experiment)  
 Leaf discs were cut into two halves (hemispheres), one half treated with 
insecticides and the other remained untreated. The two halves were then placed in a 
Petri dish arena, an adult parasitoid was introduced and observations made as 
described in the no-choice experiment (Section 8.2.5). Leaves without any pesticide 
solution were cut into two halves and placed in a Petri dish as a control treatment.   
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8.2.7 Percent emergence of parasitoids 
 Three one-day-old C. vestalis cocoons or mummies of A. colemani were 
introduced to a Petri dish with an insecticide treated leaf disc. Each treatment was 
replicated 10 times (n=30). Control leaf discs were dipped in a 50ppm Triton X-100 
solution. Adult emergence was recorded after 7 days. This study was performed 
keeping in mind that there might be some insecticide residues remaining on the 
foliage which may indirectly affect adult emergence out of their respective cocoons 
or mummies. 
8.2.8 Statistical analysis 
 Behavioural data for time spent (seconds) on leaf surfaces (choice, no 
choice) and on the rest of the arena was subjected to ANOVA using R (Section 3.7). 
Percentage emergence data was analysed using GLIM with binomial errors. Data 
were subjected to ANOVA; Chi square tests were used to compare means (Section 
3.7).  
 
8.3 Results 
8.3.1 Time spent on treated leaves (no choice experiment) 
8.3.1.1 Cotesia vestalis 
 Cotesia vestalis spent significantly more time on control leaves  
compared with leaves treated with insecticides (Figure 8.1: F=171, d.f=18, p<0.001). 
C. vesatlis were significantly repelled by leaves treated with the LC50 dose and spent 
  
123 
 
more time on the arena when compared to leaves treated with the LC5 dose for all 
insecticides (F=157, d.f=18, p<0.001). 
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Figure 8.1 Mean time ± SE (%) spent by adult C. vestalis on a leaf surface or Petri dish arena in a no-choice experiment with Chinese 
cabbage leaves pre-treated with the LC5 (a) or LC50 (b) dose of insecticide.
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8.3.1.2 Aphidius colemani 
 In both LC5 and LC50 treatments A. colemani spent significantly more 
time on the leaf surface in the control treatment compared with the insecticide 
treatments (LC50 or LC5) (Figure 8.2; F=5.8, d.f=18, p<0.001). A. colemani spend 
significantly less time on LC50 treated leaves than LC5 treated leaves (F=4, d.f=18, 
p<0.001).  
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Figure 8.2 Mean time ± SE (%) spent by adult A. colemani on a leaf surface or Petri dish in a no-choice experiment with Chinese 
cabbage leaves pre-treated with the LC5 (a) or LC50 (b) dose of insecticides.
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8.3.2 Time spent on treated leaves or untreated leaf hemispheres (choice 
experiment) 
 
8.3.2.1 Cotesia vestalis 
 Cotesia vestalis adults spent significantly less time on the treated leaf surface 
in all treatments compared to the control (F=21, d.f=25, p<0.001). Time spent by C. 
vestalis on the treated leaf was significantly less with the LC50 dose than the LC5 
dose (F=15, d.f= 24, p<0.001). 
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Figure 8.3 Mean time ± SE (%) spent by adult C. vestalis on a treated or untreated leaf surface or Petri dish arena in a choice 
experiment with Chinese cabbage leaves pre-treated with the LC5 (a) or LC50 (b) dose of insecticides.
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8.3.2.2 Aphidius colemani 
 When given a choice A. colemani spent significantly more time on a leaf 
surface in the control (F=17, d.f=28, p<0.001) compared with the insecticide-treated 
leaf surface. The relative amount of time spend by A. colemani on LC50 treated 
leaves was significantly lower than on the LC5 treated leaves (F=6.5, d.f=27, 
p<0.001). 
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Figure 8.4 Mean time ± SE (%) spent by adult A. colemani on treated or untreated leaf surfaces or a Petri dish in a choice experiment 
with Chinese cabbage leaves pre-treated with the LC5 (a) or LC50 (b) dose of insecticides.
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8.3.3 Percent emergence of parasitoids 
8.3.3.1 Cotesia vestalis 
 Emergence of C. vestalis in the insecticide treatments did not differ 
significantly from the control (Figure 8.5; z=1.5, d.f=6, p=0.2). There was no 
significant difference between the different insecticide treatments (z=0.4, d.f=7, 
p=0.65). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5 Effect of insecticide leaf residues on emergence (Mean ± SE) of C. 
vestalis adults from their cocoons. 
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8.3.3.2 Aphidius colemani 
 Emergence of A. colemani in the insecticide treatments did not differ 
significantly from the control (Figure 8.6; z=1.4, d.f=7, p=0.15). There was no 
significant difference between the different insecticide treatments (z=0.12, d.f=7, 
p=0.7). 
 
 
 
 
 
   
 
 
 
 
 
 
Figure 8.6 Effect of insecticide leaf residues on emergence (Mean ± SE) of A. 
colemani adults from their mummies. 
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8.4 Discussion 
  The no-choice experiments indicated that both parasitoid species tended to 
avoid the insecticide treated surfaces. All the insecticides tested are neuroactive, 
and behavioural effects through their interaction with peripheral and/or central parts 
of the insect nervous system would be expected (Raymond-Delpech et al., 2005; 
Casida and Durkin, 2013). Such effects have been widely documented in the applied 
entomology literature (Narahashi, 1996; Bass et al., 2014; Taillebois et al., 2014), 
particularly for pyrethroids (Narahashi, 1996). A topical practical example of this 
effect is the use of insecticide-treated bed nets (with the pyrethroid, permethrin) to 
help reduce transmission of malaria (Gimnig et al., 2003; Boulay et al., 2014; 
McCann et al., 2014).  A positive relationship with dose was observed for the time 
spent on insecticide treated leaves by both parasitoids. A strong behavioural effect 
on female Aphidius ervi in response to a lethal dose was also observed by Desneux 
et al. (2004). Insect avoidance of insecticide-treated areas has been reported by 
numerous authors (Desneux et al., 2007), including avoidance of the pyrethroid, 
deltamethrin on treated plants by Aphidius spp. (Longley and Jepson, 1996) and by 
Chrysoperla externa and Ceraeochrysa cubana to malathion, permethrin and 
azadirachtin (Cordeiro et al., 2010); repellance of etofenprox-, methomyl- and 
malathion-treated areas by C. vestalis was reported by Kawazu et al. (2011).  
 The choice experiments showed that both parasitoid species preferred 
untreated to insecticide-treated leaves. If this effect is also found under field 
conditions it might be expected to reduce the impact of insecticides on such natural 
enemies. Whether such effects would also reduce the impact of parasitoids as 
natural enemies of pests is a more complex matter and would depend on a variety of 
factors including the distribution of spray deposits (Matthews et al., 2014). It could be 
postulated that parasitoid avoidance of insecticide sprayed areas might complement 
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insecticidal efficacy by focusing parasitoid attack on pests on unsprayed parts of the 
plant but there is no evidence from laboratory or field studies to suggest an overall 
additive or synergistic effect. Holland et al. (2000) have reported clustering of 
beneficial arthropods on unsprayed field areas in wheat crops, suggesting therefore 
avoidance of sprayed areas (Alyokhin et al., 2010). In contrast, no significant 
difference in the number of predatory beetles in dry residues of imidacloprid-treated 
and untreated areas were found for turf grasses by Kunkel et al. (2001).  
 In the present study, none of the insecticides tested affected the emergence 
of adult parasitoids.  Xia et al. (2008) and Haseeb et al. (2004) also found that 
abamectin; various azadirachtin products, various Bt products, spinosad, indoxacarb 
and lambda-cyhalothrin had no significant effect on emergence of C. vestalis from 
their cocoons. While Bostanian et al. (2005) found no significant effect of abamectin 
on emergence of A. colmani. It is possible that the outer layers of parasitoid cocoons 
and mummies, which act as a protective shell against the environment (Danks, 
2004), may provide also provide protection against insecticides. Hill et al. (1984) 
reported that the cocoons of alfalfa leafcutter bees (Hymenoptera: 
Megachilidae) provide protection against dichlorvos vapours. 
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CHAPTER 9: Summary, General Discussion, Conclusion 
and Future Work 
 
9.1 Summary 
Chapter 4 Intrinsic and residual toxicity of insecticides against Plutella 
xylostella and Cotesia vestalis 
 Abamectin was the intrinsically the most toxic of the compounds tested 
against P. xylostella larvae, but it was not significantly different from lambda-
cyhalothrin at all exposure times. Abamectin was significantly more toxic  than 
indoxacarb and spinosad after 120 h exposure or 24 h exposure + 96 h,  
 Lambda-cyhalothrin had the greatest residual activity against P. xylostella 
larvae, persisting for at least 28 days; indoxacarb showed intermediate 
persistence of up to at least 14 days, while abamectin and spinosad were the 
least persistent compounds, with negligible residual toxicity at 14 days. 
 Lambda-cyhalothrin was more intrinsically toxic against adult C. vestalis 
compared with indoxacarb and spinosad, but was not significantly more toxic 
than abamectin; overall, the four compounds tested showed less difference in 
toxicity against C. vestalis (≤ 3-fold) than against P. xylostella larvae (up to c. 
100-fold). 
 The activity of lambda-cyhalothrin persisted for at least 28 days against C. 
vestalis adults; indoxacarb persisted for up to at least 14 days, while 
abamectin and spinosad were the least persistent compounds, with little 
residual toxicity at 14 days. 
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Chapter 5 Effect of leaf surface wax on intrinsic and residual toxicity of 
insecticides against Plutella xylostella larvae and intrinsic toxicity against 
adult Cotesia vestalis  
 Removal of epicuticular wax from freshly-treated leaf discs appeared to 
reduce by 2.5 to 7-fold the residual toxicity of each insecticide tested against 
P. xylostella larvae, although none of the differences were significant.  
 Removal of epicuticular wax from freshly-treated leaf discs significantly 
reduced the residual toxicity of each insecticide tested against adult C. 
vestalis by about 11-fold. 
 Removal of epicuticular wax significantly reduced the residual activity against 
P. xylostella larvae with time for each insecticide; The greatest reduction in 
residual toxicity with wax removal occurring at day 0 for each compound. 
 
Chapter 6 Intrinsic and residual toxicity of insecticides against Myzus persicae 
and Aphidius colemani   
 Lambda-cyhalothrin was markedly more toxic against adult M. persicae when 
compared with indoxacarb or spinosad but was only significantly more toxic 
than abamectin after 120 h exposure. Abamectin was significantly more toxic 
than indoxacarb or spinosad. Spinosad was generally less toxic than the other 
compounds tested. 
 Lambda-cyhalothrin showed the greatest persistence in activity against adult 
M. persicae, although residual activity decreased significantly 28 days after 
spray application. Indoxacarb showed a significant decline in residual activity 
after day 14 and little activity remained after 28 days. Abamectin and 
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spinosad showed a significant reduction in residual activity after 7 days, with 
little activity remaining after 14 days.  
 Lambda-cyhalothrin was the most toxic insecticide against adult A. colemani 
compared with indoxacarb or spinosad during all observations but was only 
significantly more toxic than abamectin after 120 h exposure. Spinosad was 
significantly less toxic than the other compounds tested.   
 Residual toxicity of all four insecticides against A. colemani suggested 
lambda-cyhalothrin to be the most persistent compound, although activity had 
decreased significantly by 28 days after spray application; indoxacarb was the 
second persistent insecticide with a significant decline in residual activity after 
14 days, with little residual activity remaining after 28 days; abamectin and 
spinosad showed a less persistent nature, with little activity remaining after 14 
days. 
 
Chapter 7 Effect of leaf surface wax on intrinsic and residual toxicity of 
insecticides against Aphidius colemani and Myzus persicae 
  Removal of epicuticular wax from freshly-treated leaf discs reduced the 
residual toxicity of insecticides against adult M. persicae by 10 to 27-fold.  
   Removal of epicuticular wax from freshly-treated leaf discs significantly 
reduced the residual toxicity of insecticides against adult A. colemani by 11- to 
18-fold. 
 Removal of epicuticular wax markedly reduced the residual activity for each 
compound against adult A. colemani; the greatest reduction in toxicity 
occurring at day 0.   
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 Lambda-cyhalothin showed the greatest residual toxicity against A. colemani 
at day 7 and day 14 leaves; removal of wax significantly reducing its toxicity at 
day 0 and day 7, with little toxicity remaining after 14 days.    
 Indoxacarb had greater apparent levels of residual activity compared with 
spinosad and abamectin at day 7 and day 14; removal of wax significantly 
reduced toxicity at day 0, day 7 and day 14. 
 Abamectin and spinosad had little remaining residual activity at day 14; 
removal of leaf wax significantly reduced toxicity at day 0 and day 7, with no 
residual activity at day 14.   
 
Chapter 8 Sub-lethal effects of insecticide residues on parasitoids  
 In no-choice experiments, both C. vestalis and A. colemani spent significantly 
more time on untreated leaves in control arenas compared with arenas with 
insecticide-treated leaves. 
 In choice experiments, both parasitoid species spent significantly more time 
on untreated compared with insecticide-treated leaf surface in the same 
arena. 
 Repellency of the treated leaf surface to both parasitoids was significantly 
more for the LC50 than the LC5 dose both? when given a choice or no choice. 
 Insecticide treatments on leaf surfaces had no significant effect on the 
emergence of adult parasitoids when compared with emergence of adult 
parasitoids on untreated leaf surfaces. 
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9.2 General Discussion 
9.2.1 Intrinsic and residual toxicity of insecticides on foliage to pests and 
parasitoids 
 In the P. xylostella - C. vestalis - brassica system used in the current work, 
abamectin was the most potent toxicant against the pest in contact-ingestion 
bioassays on insecticide-treated foliage, with the evidence suggesting that lambda-
cyhalothrin was the second most potent compound. In the 120 h exposure 
bioassays, there was up to a 200-fold difference in toxicity (at LC50) between the 
most toxic (abamectin) and least toxic compounds (indoxacarb and spinosad). In 
contrast, while lambda-cyhalothrin (reported as harmful to natural enemies) and 
abamectin (reported to be compatible with IPM) appeared to be the most toxic 
compounds against the parasitoid species, the differences in toxicity between the 
most and least toxic compounds tested were relatively small (c. 3-fold).   
 Other studies have also indicated lambda-cyhalothrin and abamectin are 
relatively harmfull to natural enemies (Sections 4.4 and 6.4; Studebaker and Kring, 
2003), while reports on the effects of spinosad and indoxacarb on natural enemies 
are more mixed (Ruberson and Tillman, 1999; Studebaker and Kring, 1999; Haseeb 
et al., 2004; Biondi et al., 2012a; Roubos et al., 2014).  
 The present results suggest that differences in the intrinsic toxicity of these 
compounds against C. vestalis under laboratory conditions cannot account for the 
reported marked differences in their relative harmfulness against C. vestalis and 
other parasitoids under field conditions (e.g. Section 1.1; Furlong et al., 2013).   
When the relative toxicity ratio for each compound is calculated, however, abamectin 
stands apart, being far more toxic (2450-fold LC50 ratio) against P. xylostella 
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compared with C. vestalis; whereas the relative toxicity ratios for lambda-cyhalothrin 
(c. 930-fold) and, in particular for indoxacarb (c. 30-fold) and spinosad (c. 21-fold) 
are much lower. If the recommended field application rates for abamectin (Table 9.1) 
are complied with, the very large toxicity ratio found here may in part explain the 
reported compatibility of this compound with parasitoids of P. xylostella under field 
conditions (Verkerk and Wright, 1997; Furlong et al., 2013).  
 
Table 9.1 Recommended field rate of insecticides for vegetable crops. 
Field rate                     Manufacturer                 Active ingredient              Product 
150-250 ml /ha         Syngenta, U.K.                  lambda-cyhalothrin      Karate® 50g/l 
300-450 ml / ha        Syngenta, U.K                   abamectin                   Vertimec® 18g/l 
85 g/ha                     DuPont, U.K                       Indoxacarb                Steward®300g/kg   
200 ml /ha                Dow AgroSciences, U.K      spinosad                   Tracer®480g/l 
  
 Due to problems with the initial population of C. vestalis used in experiments, 
and the considerable delays experienced in obtaining a new population, a second 
pest-parasitoid system was included in the present study. To benefit from work 
already conducted with C. vestalis on Chinese cabbage (Section 4.3.1, 4.3.2, 4.3.3, 
5.3.1, 5.3.2 and 5.3.3), an aphid-parasitoid system on Chinese cabbage was chosen 
using the same four insecticides. While not all of these compounds are used 
specifically against aphid pests, they have been widely applied on Chinese cabbage 
and other crucifer crops (Badii et al., 2013; Liu et al., 2013) and some do refer to 
aphids in the product label instructions (Section 6.4). More importantly, the use of the 
same four insecticides in both crucifer systems allowed direct comparison between 
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the two parasitoid species (Haseeb et al., 2004; Desneux et al., 2007;  Kawazu et al., 
2010; Stara et al., 2011; Liu et al., 2014). 
The intrinsic residual toxicity for each insecticide against A. colemani was found 
to be very similar to the results obtained for C. vestalis.  In contrast to the large 
intrinsic toxicity ratios observed with P. xylostella and C. vestalis, the toxicity ratio for 
each compound for M. persicae and A. colemani was effectively 1, a reflection of the 
much lower toxicity of all the compounds tested against M. persicae when compared 
with P. xylostella. The lack of any apparent differential toxicity for these compounds 
against pest and parasitoid highlights the need for caution in pesticide selection 
when several pest species are present.  Such an apparent lack of differential 
selectivity may, however, be offset by other factors, such as persistence, and the 
distribution of toxic residues between the leaf surface, where they are available to 
pest and natural enemy, and underlying tissues, where they are not directly available 
to the natural enemy. Increased mortality was generally observed when C. vestalis 
were exposed to pesticide for 120 h compared with 24 h (Sections 4.3), increases in 
mortality with exposure time were only found for lambda-cyhalothrin with A. colemani 
(Section 6.3). 
In the present study, differences in the persistence of insecticides on foliage, 
measured in terms of residual activity against pests and parasitoids gave consistent 
results, with lambda-cyhalothrin the most persistent compound tested, and 
abamectin and spinosad the least persistent.  Xu et al. (2004) also reported lambda-
cyhalothrin and indoxacarb were more persistent than spinosad, and similar findings 
have been reported by other authors (Haseeb and Amano, 2002; Sharma et al., 
2007; Soudamini et al., 2009).  
  
142 
 
Various biotic and abiotic factors can influence the bioavailability and metabolism 
of pesticides on plants (Wright and Welbourn, 2002). Bioaccumulation of pesticides 
is largely dependent on their persistence and/or frequency of application, and is 
influenced by their relative lipophilicity (Hodgson, 2010) and absorption through the 
plant surface (Kirwood, 1999). In the present study, residual activity (persistence) 
experiments were conducted on insecticide-sprayed plants that were then 
maintained under protected and relatively controlled environmental conditions in a 
glasshouse. The plants used were also produced under glasshouse conditions. 
Further studies are required, therefore, under field conditions, where effects of ultra-
violet radiation, temperature, wind and rain would be expected to reduce pesticide 
persistence at a faster rate than under glass, particularly on the leaf surface.  
 Removal of the epicuticular wax layer reduced the residual toxicity of all the 
insecticides tested for both pest and parasitoid species (Sections 5.3 and 7.3), which 
suggests that the wax layer retained a significant proportion of each compound 
(Riccio et al., 2006). However, the results for the pest species are more difficult to 
interpret, due in part to variation in feeding behaviour between lepidopteran larvae 
and aphids and difference in feeding activity between individual insects, and this may 
in part explain the larger variances found in the wax removal experiments with P. 
xylostella (Section 5.4). The results for the parasitoid species were more consistent, 
due in at least part to pesticide uptake by parasitoids being essentially by contact 
activity alone, and the results suggest that considerable toxic residues were present 
in the epicuticular wax layer for all compounds tested at day 0 and day 7, and for 
indoxacarb and, in particular for lambda-cyhalothrin, at day 14 (Sections 5.4 and 
7.4). The results for lambda-cyhalothrin may reflect this compound’s relative lack of 
mobility compared with the other compounds studied (Section 5.4; Leistra et al., 
2004). 
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In interpreting wax removal data, there is the possibility that the extraction 
method may have also have removed some (lipophilic) pesticide residues from the 
underlying leaf tissues (Nigg et al.,1981). Further studies are required to elucidate 
this, and to study further the distribution of toxic pesticide residues between the outer 
wax and underlying leaf tissues with time.   
  
9.2.2 Behavioural interactions with insecticide toxicity 
The present study focussed on whether parasitoid species actively avoided 
Insecticide-treated leaf surfaces. The results indicated that both species avoided 
insecticide residues, either by spending more time on the arena in the no-choice 
experiments, or on untreated leaf segments / arena in the choice experiments. It 
was not surprising that the same effect was observed with each of the compounds 
tested since they are all neuroactive (Section 8.4). Both parasitoids tried to spend 
significantly less time on leaf surface treated with a lethal dose than on a leaf 
surface with a sublethal dose. If residues of insecticide that are low enough not to 
have any significant effect on the pest species can still disrupt parasitoid behaviour, 
the residual effects of relatively non-persistent insecticides on parasitism success 
may be greater than expected. 
Severe effects of pesticides on the reproduction of heteropteran and phytoseiid 
predator species were reported by Biondi et al. (2012).  The effect of carbamate and 
pyrethroid insecticides on flight response of C. vestalis was described by Kawazu et 
al. (2011). Adverse effect of IGRs (chlorfluazuron, flufenoxuron and teflubenzuron) 
on parasitism of C. vestalis has been reported by Haseeb and Amano (2002).  Shi 
et al. (2004) reported that field doses of fipronil, avermectin, chlorfluazuron 
fenvalerate and methomy had no significant effect on adult emergence from their 
respective cocoons in C. vestalis. Sub-lethal effects of insecticides on A. ervi have 
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also been described by Desneux et al. (2004). Stara et al. (2011) reported a 
negative effect of Methoxyfenozide on the fecundity of A. colemani. 
  
9.3 Conclusion and Future work 
 The application of synthetic insecticides causes many associated problems 
associated, such as pests becoming resistant, as well as lethal and sub lethal effects 
on natural enemies. Although new insecticides with a reduced risk to the 
environment, as well as to natural enemies, have been introduced, research is still 
needed to evaluate their impact on natural enemies. In IPM the real challenge is to 
combine both pesticide and natural control methods in a manner which produces 
significant benefit to the farmer by increasing yield and reducing pests without any 
risk to the environment. In this study an effort was made to identify the potential risks 
associated with insecticides used along with parasitoids in an IPM system.  
In a Plutella xylostella-Cotesia vestalis-Chinese cabbage system, the clearest 
factors linked to ‘selectivity’ or ‘non-selectivity’ were found for abamectin and 
lambda-cyhalothrin, respectively due to their high level of relative toxicity to the 
parasitoid and the pest. In the Myzus persicae-Aphidius colemani-Chinese cabbage 
system, however, the relative toxicity was very minor. Which suggests that when 
selecting insecticides, a relative toxicity test to the pest and the natural enemies 
must be performed, before incorporating them into the IPM system. 
For lambda-cyhalothrin, a key factor determining its relative harmfulness 
against parasitoids, appeared to be how persistent spray deposits remained on the 
leaf surface as uptake of the toxicant is by contact action, compared with the 
persistence of the other more ‘selective’ compounds tested, particularly abamectin 
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and spinosad. This suggests that in addition to relative toxicity, the persistence of the 
spray deposit is another factor that should be in mind while incorporating pesticides 
to the IPM system  
In the case of abamectin, in addition to its relative lack of persistence against 
both parasitoids, a key factor determining the selectivity of abamectin under field 
conditions could be its relatively low rate of application (Table 9.1) compared with 
many other insecticides.  
For conservation of the parasitoids and to have their maximum benefits of 
controlling pests, it is clearly important not to use insecticides that are sub-optimal for 
the target pest, as the lack of relative toxicity for any of the compounds tested 
against M. persicae and A. colemani indicated. It is therefore important to select a 
pesticide which is efficient to control pests and be selective to natural enemies, 
because natural enemies are crucial agents to maintain control of the pest 
population density. 
When surface wax was removed from the insecticide-treated leaves during 
the current study, it greatly influenced the toxicity of all insecticides tested against all 
insects. Leaves with wax showed greater toxicity than those from which wax been 
removed. This suggests that penetration of insecticides is influenced by the 
presence of the wax layer. The wax layer in the same plant can differ in its contents 
from one part to another part of the plant, or even on the same part as a result of 
plant growth. The thicker the wax layer the more difficult it will be to have a pesticide 
coverage, which then requires additional additives to be added, and more pesticide 
will be required to be effective, which in turn could remain available over a longer 
period and have a greater impact in the environment and on the natural enemies.  
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Even if the natural enemies survive, pesticide exposure may still be affecting 
their behaviour (e.g. Wang et al., 2008) and the sub-lethal effects of pesticides 
should ideally be taken into account before they are incorporated in IPM 
management programmes. In practice, this suggests that neuroactive compounds 
should be avoided wherever possible although this may not be practical. The results 
of the behavioural assays during the present study suggested that all insecticides 
tested caused marked avoidance behaviour by both parasitoid species, though the 
response for high doses (LC50) were much more pronounced as compared with the 
low doses (LC5).  If such avoidance effects are as marked under field conditions the 
overall effect is likely to depend on a variety of interacting factors, including the 
efficiency of spray application (coverage of crop) and whether unsprayed refugia are 
present. Contact toxicity to the cocoons or the mummies of the parasitoids was not 
significant. 
There should be a proper training for farmers on application techniques, and 
they must be aware of the appropriate time for application of pesticide, and instead 
of following calendar spraying, careful observation and monitoring of crops must be 
done  and an insecticide applied only when the pest population justifies it. 
 
 Future studies could include: 
 Residual toxicity bioassay experiments (mortality and sub-lethal studies) to 
examine insecticide selectivity against pests and parasitoids under more 
realistic, semi-field (potted plants) and field conditions, and in a range of 
climatic conditions.  
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 To refine methods for removal of epicuticular wax that limits any potential co-
extraction of pesticide from underyling leaf tissues.  
 To conduct chemical analysis of pesticide residues in the leaf after wax 
removal and within the wax; using GCMS and HPLC-MS [methods that 
proved too expensive to use in the present study]. 
 To conduct field cage and open-field experiments using ‘selective’ compounds 
at a range of application rates, to determine whether relative toxicity ratios 
between key target pests and their parasitoids can be exploited, and if so 
whether they are robust enough for use in IPM systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
148 
 
References: 
 
Abbott, W. (1925). A method of computing the effectiveness of insecticides. Journal 
of Economic  Entomology, 18, 265-267. 
Abro, G. H., Syed, T. S., Kalhoro, A. N., Sheikh, G. H., Awan, M. S., Jessar, R. D. 
and Shelton, A. M. (2013). Insecticides for control of the diamondback moth, 
Plutella xylostella (L.) (Lepidoptera: Plutellidae) in Pakistan and factors that 
affect their toxicity. Crop Protection, 52, 91-96. 
 ACP (2012). Advisory Committee on Pesticides Annual Report. Department for 
Environment, Food and Rural Affairs Health and Safety Executive. Available: 
http://www.pesticides.gov.uk/Resources/CRD/ACP/ACP%20Annual%20Repo
rt%202012.pdf. (Last accessed 12/2/2011). 
Ahmed, U. A. M., Shi, Z. H., Guo, Y. L., Zou, X. F., Hao, Z. P. and Pang, S. T. 
(2007). Maternalphotoperiod effect on and geographic variation of diapause 
incidence in Cotesia plutellae (Hymenoptera: Braconidae) from China. Applied 
Entomology  and Zoology, 42, 383-389. 
Akobundu, I. O. (1987). Safe use of herbicides. In: Weed Science in the Tropics. 
Principles and Practices. 2nd (eds.), pp. 318-334. John Wiley & Sons, New 
York.  
Allen, Z. and Allen, R. (2009). The health and nutritional benefit of cabbage. 
Available: http://www.vegparadise.com/highestPerch33.html. (Last accessed 
12/7/2011). 
Alyokhin, A., Makatiani, J. and Takasu, J. (2010).  Insecticide odour interference with 
food-searching behaviour of Microplitis croceipes (Hymenoptera: Braconidae) 
in a laboratory arena. Biocontrol Science and Technology, 20, 317-329.  
  
149 
 
Amoako, P. K., Kumah, P. and Appiah, F. (2012). Pesticides usage in cabbage 
(Brassica oleracea) cultivation in the Ejisu-Juaben municipality of the Ashanti 
region of Ghana.  International Journal of Research in Chemistry and 
Environment, 2, 26-31. 
Andret-Link, P. and Fuchs, M. (2005). Transmission specificity of plant viruses by 
vectors.  Journal of Plant Pathology, 87, 153-165. 
Angioni, A., Cabizza, M., Cabras, M., Melis, M., Tuberoso, C. and Cabras, P. (2004). 
Effect of the epicuticular waxes of fruits and vegetables on the 
photodegradation of rotenone. Journal of Agricultural and Food Chemistry, 52, 
3451-3455. 
Ankersmit, G. W. (1953). DDT-resistance in Plutella maculipennis (Curt.) (Lep.) in 
Java. Bulletin Entomology Research, 44, 421-426. 
Annecke, D. P. and Moran, V. C. (1982). Insects and Mites of Cultivated Plants in 
South Africa. Butterworths, Durban, RSA. pp. 338. 
Ansteada, J. A., Williamsonb, M. S., Eleftherianos, I. and Denholm, I. (2004).  High-
throughput detection of knockdown resistance in Myzus persicae using allelic 
discriminating quantitative PCR. Insect Biochemistry and Molecular Biology, 
34, 871-877. 
Arora, R. K. (2003). Baseline susceptibility and quantification of resistance in Plutella 
xylostella L.) to spinosad. Resistance Pest Management Newsletter, 12, 27-
30. 
Askarianzadeh, A., Nicholas, A., Birch, E., Ramsay, G. and Minaeimoghadam, M. 
(2013). Study of wild solanum species to identify sources of resistance 
against the green peach aphid, Myzus Persicae (Sulzer). American Journal of 
Potato Research, 90, 66-70. 
  
150 
 
Ayalew, G. and Ogol, C. K. P. O. (2006). Occurrence of the diamondback moth 
(Plutella xylostella L.) and its parasitoids in Ethiopia: influence of geographical 
region and agronomic traits. Journal of Applied Entomology, 130, 343-348. 
Badenes-Perez, F. R. and Shelton, A. M. (2006). Pest management and other 
agricultural practices amongst farmers growing cruciferous vegetables in the 
central and western highlands of Kenya and the western Himalayas of India. 
International Journal of Pest Management, 52, 303-315. 
Badii, K. B., Adarkwah, C. and Nboyine, J. A. (2013). Insecticide use in cabbage 
pest management in tamale metropolis of Ghana. Greener Journal of 
Agricultural Sciences, 3, 403-411. 
Bahar, M. H., Soroka, J. J. and Dosdall. L. M. (2012). Constant versus ßuctuating 
temperatures in the interactions between Plutella xylostella (Lepidoptera: 
Plutellidae) and its larval parasitoid Diadegma insulare (Hymenoptera: 
Ichneumonidae). Environmental Entomology, 41, 1653-1661. 
Bahar, M. H., Soroka, J. J., Grenkow, L. and Dosdall, L. M. (2014). New Threshold 
Temperatures for the Development of a North American Diamondback Moth 
(Lepidoptera: Plutellidae) Population and Its Larval Parasitoid, Diadegma 
insulare (Hymenoptera: Ichneumonidae). Environmental Entomology, 43, 
1443-1452. 
Bahlai, C. A., Xue, Y., McCreary, C. M., Schaafsma, A. W. and Hallett, R. H. (2010).  
Choosing organic pesticides over synthetic pesticides may not effectively 
mitigate environmental risk in soybeans. PLoS One, 22, 1-7. 
Baker, J. R. (1994). Insect and related pests of flowers and foliage plants: some 
important, common, and potential pests in the southeastern United States, 
North Carolina Cooperative Extension Service. pp. 106. 
  
151 
 
Barber, M. D., Moores, G. D., Tatchell, G. M., Vice, W. E. and Denholm, I. (1999).  
Insecticide resistance in the currant–lettuce aphid, Nasonovia ribisnigri 
(Hemiptera: Aphididae) in the UK. Bulletin of Entomological Research, 89, 17-
23. 
Bass, C., Puinean, A. M., Zimmer, C. T., Denholm, I., Field, L. M., Foster, S. P., 
Gutbrod, O., Nauen, R., Slater, R. and Williamson, M. S. (2014). The 
evolution of insecticide resistance in the peach potato aphid, Myzus persicae. 
Insect Biochemistry and Molecular Biology, 51, 41-51. 
Baur, P., Marzouk, H., Schönherr, J. and Grayson, B. T. (1997). Partition coefficients 
between plant cuticle and adjuvants as related to foliar uptake. Journal of 
Agriculture Food Chemistry, 45, 3659-3665. 
Baur, P., Marzouk, H., Schönherr, J. and Bauer, H. (1996). Mobilities of organic 
compounds in plant cuticles as affected by structure and molar volumes of 
chemicals and plant species. Planta, 199, 404-412. 
Beittenmiller, D. P. (1996). Biochemistry and molecular biology of wax production in 
plants. Annual Review of Plant Physiology and Plant Molecular Biology, 47, 
405-430. 
Bennett, A. B., Chi-Ham, C., Barrows, G., Sexton, S. and Zilberman, D. (2013). 
Agricultural Biotechnology: Economics, Environment, Ethics, and the Future.  
Annual Review of Environmental Resource, 38, 249-79. 
Bengochea, P., Amor, F., Saelices, R., Hernando, S. and Budia, F. (2013). Kaolin 
and copper-based products applications: Ecotoxicology on four natural 
enemies. Chemosphere, 91, 1189-1195. 
Bengochea, P., Medina, P., Amor, F., Cánovas, M., Vega, P., Correia, R., García, F., 
Gómez, M., Budia, F., Viñuela, E. and López, J. A. (2012). The effect of 
emamectin benzoate on two parasitoids, Aphidius colemani Viereck 
  
152 
 
(Hymenoptera: Braconidae) and Eretmocerus mundus Mercet (Hymenoptera: 
Aphelinidae), used in pepper greenhouses. Spanish Journal of Agricultural 
Research, 10, 806-814. 
Bernard, A. and Joubès, J. (2013). Arabidopsis cuticular waxes: Advances in 
synthesis, export and regulation. Progress in Lipid Research, 52, 110-129. 
Biondi, A., Desneux, N., Siscaro, G. and Zappala, L. (2012). Using organic-certified 
rather than synthetic pesticides may not be safer for biological control agents: 
Selectivity and side effects of 14 pesticides on the predator Orius laevigatus. 
Chemosphere, 87, 803-812. 
Biondi, A., Mommaerts, V., Smagghe, G., Viñuela, E., Zappalà, L. and Desneux, N. 
(2012a).The non-target impact of spinosyns on beneficial arthropods. Pest 
Management Science, 68, 1523-1536. 
Biondi, A., Zappala, L., Stark, J. D. and Desneux, N. (2013). Do Biopesticides Affect 
the Demographic Traits of a Parasitoid Wasp and Its Biocontrol Services 
through Sublethal Effects? PLoS ONE, 8, 1-11.  
Blackman, R. L. (1972). The inheritance of life-cycle differences in Myzus persicae 
(Sulz.) (Hem.,Aphididae). Bulletin Entomological Research, 62, 281-294. 
Blackman, R. L. (1974). Life-cycle variation of Myzus persicae (Sulz.) (Horn., 
Aphididae) in different parts of the world, in relation to genotype and 
environment. Bulletin Entomological Research, 63, 595-607. 
Blackman, R. L. and Eastop, V. F. (2000). Aphids on the world’s crops: an 
identification and information guide. John Wiley and Sons, Chichester, UK. 
pp. 466. 
Blackman, R. L., and Eastop, V. F. (1984). Aphids on the World’s Crops: An 
Identiﬁcation and Information Guide. 2nd (eds.), Wiley, New York. pp. 476. 
  
153 
 
Blumel, S. (2004). Biological control of aphids on vegetable crops. In: Heinz, K. M., 
Driesche, R. G. V. and Parrella, M. P. (eds.), Biocontrol in protected culture. 
pp. 297-312. Ball Publishing, Batavia, USA.  
Bodnaryk, R. (1992). Leaf epicuticular wax, an antixenotic factor in Brassicaceae 
that affects the rate and patterns of feeding in flea beetles, Phyllotreta 
cruciferae (Goeze). Canadian Journal of Plant Science, 72, 1295-1303. 
Boivin, G., Hance, T. and Brodeur, J. (2012). Aphid parasitoids in biological control. 
Canadian Journal of Plant Science, 92, 1-12. 
Bommarco, R., Miranda, F., Bylund, H. and Bjorkman, C. (2011). Insecticides 
suppress natural enemies and increase pest damage in cabbage. Journal of 
Economic Entomology, 4, 782-791. 
Bopape, M. J., Nofemela, R. S., Mosiane, M. S. and Modise, D. M. (2014). Effects of 
a selective and a broad-spectrum insecticide on parasitism rates of Plutella 
xylostella (L.) (Lepidoptera: Plutellidae) and species richness of its primary 
parasitoids. African Entomology, 22, 115-126.  
Borror, D. J., DeLong, D. M. and Triplehorn, C. A. (1976). An introduction to the 
study of insects. 4th (eds.), Holt Rinehart and Winston, New York. pp. 852. 
Bostanian, N. J. and Akalach, M. (2004). The contact toxicity of indoxacarb and five 
other insecticides to Orius insidiosus (Hemiptera: Anthocoridae) and Aphidius 
colemani (Hymenoptera: Braconidae), beneficials used in the greenhouse 
industry. Pest Management Science, 60, 1231-1236. 
Bostanian, N. J., Akalach, M. and Chiasson, H. (2005). Effects of a Chenopodium-
based botanical insecticide/acaricide on Orius insidiosus (Hemiptera: 
Anthocoridae) and Aphidius colemani (Hymenoptera: Braconidae). Pest 
Management Science, 61, 979-984. 
  
154 
 
Boulay, M., Lynch, M. and Koenker, H. (2014). Comparing two approaches for 
estimating the causal effect of behaviour-change communication messages 
promoting insecticide-treated bed nets: an analysis of the 2010 Zambia 
malaria indicator survey. Malaria Journal, 13, 1-8.  
Branco, M. C., França, F. H. and Boas, G. L. V. (2001). Use of insecticides for 
controlling the South American tomato pinworm and the Diamondback moth: 
a case study. Horticultura Brasileira, 19, 60-63. 
Brennan, E. B., Weinbaum, S. A., Rosenheim, J. A. and Karban, R. (2001). 
Heteroblasty in Eucalyptus globulus (Myricales: Myriaceae) affects 
ovipositional and settling preferences of Crenarytaina eucalypti and C. 
spatulata (Homoptera: Psyllidae). Environmental Entomology, 30, 1144-1149. 
Broadbent, L. (1949). The growing and over-wintering of Myzus persicae Sulz. on 
Prunus species. Annals of Applied Biology, 36, 334-340. 
Buchholz, A. and Nauen, R. (2002). Translocation and translaminar bioavailability of 
two neonicotinoid insecticides after foliar application to cabbage and cotton. 
Pesticide Management Science, 58, 10-6. 
Buchholz, A. (2006). Characterization of the diffusion of non-electrolytes across plant 
cuticles: properties of the lipophilic pathway. Journal of Experimental Botany, 
57, 2501-2513. 
Bull, D. L., Ivie, G. W., MacConnell, J. G.,  Gruber, V. F., Ku, C. C. and  Arison, B. H. 
(1984). Fate of avermectin B1a in soil and plants. Journal of Agricultural and 
Food Chemistry, 32, 94-102. 
Bukovac, M. J., Petracek, P. D., Fader, R. G. and Morse, R. D. (1990). Sorption of 
organic compounds by plant cuticles. Weed Science, 38, 289-298. 
  
155 
 
Buschhaus, C. and Jetter, R. (2011). Composition differences between epicuticular 
and intracuticular wax substructures: How do plants seal their epidermal 
surfaces? Journal Experimental Botany, 62, 841-853. 
Calderon, J. I. and Hare, C. J. (1986). Control of diamondback moth in Southeast 
Asia by profenofos. In: Diamondback moth management. Talekar, N. S. and 
Griggs, T. D. (eds.), pp. 289–295. Proceedings Ist International Workshop, 
1985, AVRDC, Taiwan. 
Campbell, M. (2014). Bugging the line: Aphids help us spy on plant communication. 
SciLog. Available: 
http://www.scilogs.com/six_incredible_things_before_breakfast/aphids-help-
us-spy-on-plants/. (Last accessed 28/11/2014). 
Campos, M. R., Picanco, M. C., Martins, J. C., Tomaz, A. C. and Guedes, R. N. C. 
(2011). Insecticide selectivity and behavioral response of the earwig Doru 
luteipes. Crop Protection, 30, 1535-1540. 
Candolfi, M. P., Barrett, K. L., Campbell, P., Forster, R., Grandy, N., Huet, M. C., 
Lewis, G., Oomen, P. A., Schmuck, R. and Vogt, H. (2000). Guidance 
document on regulatory testing and risk assessment procedures for plant 
protection products with nontarget arthropods. In: SETAC/ESCORT2 
Workshop report, pp. 21-23. Wageningen, Netherlands. 
Cardwell, E. E. G., Godfrey, L. D., Chaney, W. and Bentley, W. (2005). Various 
novel insecticides are less toxic to humans, more specific to key pests. 
California Agriculture, 59, 29-34. 
Carter, D. J. (1984). Pest (Lepidoptera) of Europe with special reference to the 
British Isles. Dordrecht Boston Distributor for the U.S. and Canada, Kluwer 
Academic Publishers UK. pp. 431. 
  
156 
 
Casida, J. E. and Durkin, K. A. (2013). Neuroactive Insecticides: Targets, Selectivity, 
Resistance, and Secondary Effects. Annual Review of Entomology, 58, 99-
117. 
Challen, S. B. (1962). The retention of aqueous suspensions on leaf surfaces. 
Journal of Pharmacy and Pharmacology, 14, 707-714. 
Chambers, R. J., Sunderland, K. D., Stacey, D. L. and Wyatt, I. J. (1986). Control of 
cereal aphids in winter wheat by natural enemies: aphid specific predators, 
parasitoids and pathogenic fungi. Annals of Applied Biology, 108, 219-231. 
Chapman, J. W., Reynolds, D. R. and Smith, A. D. (2003). Vertical-looking radar: A 
new tool for monitoring high-altitude insect migration. Bioscience, 53, 503-
511. 
Chapman, J. W., Reynolds, D. R., Smith, A. D., Riley, J. R., Pedgley, D. E. and 
Woiwod, I. P. (2002). High altitude migration of diamondback moth Plutella 
xylostella to UK: a study using radar, aerial netting, and ground trapping. 
Ecological Entomology, 27, 641-650.  
Chowdhury A. B., Jepson, P. C., Howse, P. E. and Ford, M. G. (2001). Leaf surfaces 
and the bioavailability of pesticide residues. Pest Management Science, 57, 
403-412. 
Chowdhury, A. B. M. N. U., Jepson, P. C., Ford, M. G. and Frampton, G. K. (2005). 
The role of cuticular waxes and surface roughness in determining the 
insecticidal efficacy of deltamethrin and dimethoate applied as emulsifiable 
concentrates to leaf surfacesInternational. Journal of Pest Management, 51, 
253- 263. 
Cloyd, R. A. (2012). Indirect Effects of Pesticides on Natural Enemies, Pesticides - 
Advances in Chemical and Botanical Pesticides. In: Soundararajan, R. P. 
(eds.), Available: http://www.intechopen.com/books/pesticides-advances-in-
  
157 
 
chemical-and-botanical-pesticides/indirect-effects-of-pesticides-on-natural-
enemies. (Last accessed 12/12/2013). 
Cole, R. A. (1997). The relative importance of glucosinolates and amino acids to the 
development of two aphid pests Brevicoryne brassicae and Myzus 
persicae on wild and cultivated brassica species. Entomologia Experimentalis 
et Applicata, 85, 121-133.  
Connell, J. G. M., Demchak, R. J., Preiser, F. A. and Dybas, R. A. (1989). Relative 
stability, toxicity, and penetrability of abamectin and its 8, 9-oxide. Journal of 
Agricultural and Food Chemistry, 37, 1498-1501. 
Cordeiro, E. M., Corrêa, A. S., Venzon, M. and Guedes, R. N. (2010). Insecticide 
survival and behavioral avoidance in the lacewings Chrysoperla externa and 
Ceraeochrysa cubana. Chemosphere, 81, 352-710. 
Crawley, M. J. (2007). The R Book. John Wiley and Sons Ltd, Chichester, West 
Sussex, UK, 950 pp. 
Croft, B. A. (1990). Arthropod Biological Control Agents and Pesticides. New York: 
Wiley, 723 pp. 
Crouse, G. D. and Sparks, T. C. (1998). “Naturally Derived Materials as Products 
and Leads for Insect Control: The Spinosyns.” Reviews in Toxicology, 2, 133-
146. 
Danks, H. V. (2004). The roles of insect cocoons in cold conditions. Europeon 
Journal of Entomology, 101, 433-437. 
De Bortoli, S. A., Polanczyk., R. A., Vacari, A. M., De Bortoli, C. P.  and Duarte, R. T. 
(2013). Plutella xylostella (Linnaeus, 1758) (Lepidoptera: Plutellidae): Tactics 
for integrated pest management in Brassicaceae, Weed and Pest Control–
Conventional and New Challenges. In: Dr. Sonia, S. (eds.), pp. 31-51. InTech. 
  
158 
 
De Bortoli, S. A., Vacari, A. M., Goulart, R. M., Santos, R. F., Volpe, H. X. L. and 
Ferraudo, A. S. (2011). Reproductive capacity and preference of the 
diamondback moth feeding on different brassicacea. Horticultura Brasileira, 
29, 187-192. 
DeBach, P. (1964). The scope of biological control. In: biological control of insect 
pests and weeds. DeBach, P. (eds.), Chapman and Hall, London, UK, pp. 
844.  
DeBach, P. (1974). Biological control by natural enemies. In: Rosen, D. (eds.), 
Cambridge, pp. 1-113Cambridge University Press, UK. 
Dent, D. (2000). Insect Pest Management. 2nd ed. CAB International, Wallingford, 
UK, 111 pp. 
 DEFRA (2009). Department for Environment, Food and Rural Affairs. Available: 
http://www.pesticides.gov.uk/uploadedfiles/Web_Assets/ACP/Annual_Report_
2009_published.pdf. (Last accessed 8/11/2014). 
 DAFF (2013). Department of Agriculture, Frisheries and Forestry. Available: 
http://www.daff.gov.au/ba/reviews/biological_control_agents. (Last accessed 
8/11/2014). 
Desneux, N., Decourtye, A. and Delpuech, J. M. (2007). The sublethal effects of 
pesticide on beneficial arthopods. Annual Review of Entomology, 58, 81-106. 
Desneux, N., Denoyelle, R. and Kaiser, L. (2006). A multistep bioassay to assess the 
effect of the deltamethrine on the parasitic wasp Aphidius ervi. Chemosphere, 
65, 1696-1706. 
Desneux, N., Pham-Delègue, M. H. and Kaiser, L. (2004). Effects of sub-lethal and 
lethal doses of lambda-cyhalothrin on oviposition experience and host-
searching behaviour of a parasitic wasp, Aphidius ervi. Pest Management 
Science, 60, 381-389. 
  
159 
 
Desneux, N., Rafalimanana, H. and Kaiser, L. (2004). Dose–response relationship in 
lethal and behavioural effects of different insecticides on the parasitic wasp 
Aphidius ervi. Chemosphere, 54, 619-627. 
Desneux, N., Wajnberg, E., Fauvergue, X., Privet, S. and Kaiser, L. (2004). 
Sublethal effects of a neurotoxic insecticide on the oviposition behavior and 
the patch-time allocation in two aphid parasitoids, Diaeretiella rapae and 
Aphidius matricariae. Entomologia Experimentalis et Applicata, 112, 227-235. 
Dehghani, D., Ahmadi, K. and Zohdi, H. (2012). Evaluation of some plant extracts 
and conventional insectcides against trialeurodes vaporariorum (wetswood) 
(Homoptera: Aleyrodidae) in green house condition. Munis Entomology and 
Zoology Journal, 7, 828-836. 
Dybas R. A. (1989). Abamectin Use in Crop Protection. Avermectin and 
Abamectin. In: Campbell, W. C. (eds.), pp. 287-310. Springer New York, 
USA. 
Dosdall, L., Mason, P., Olfert, O., Kaminski, L. and Keddie, B. (2001). The origins of 
infestations of diamondback moth, Plutella xylostella (L.), in canola in western 
Canada. In: Endersby, N. M. and Ridland, P. M. (eds.), pp. 95–100. The 
Fourth International Workshop on the Management of Diamondback Moth and 
Other Cruciferous Pests, 26–29 November. Melbourne, Australia.  
Douglas, S. (2009). Population Growth, Increases in Agricultural Production and 
Trends in Food Prices. The Electronic Journal of Sustainable Development, 1, 
29-35. 
Edward, P. (2008). The official website of the Govt. of Prince Edward Island, 
Canada. Agric. green peach aphid. Candada Potato Guide Pests. Available:  
htm.Home /Agriculture/Horticulture/Potatoes/Pests/Atlantic. (Last accessed on 
10/5/2013). 
  
160 
 
Edward, C. A. (1975). Factors that affect the persistence of pesticides in plants and 
soils. Pure and Applied Chemistry, 42, 39-56. 
Ehler, L. E. (1998). Invasion biology and biological control. Biological Control, 5, 127-
133. 
Eigenbrode, S. D. (1995). Effects of plant epicuticular lipids on insect herbivores. 
Annual Review of Entomology. 40, 171-194. 
Eigenbrode, S. D. (1996). Plant surface waxes and insect behaviour. In: Kerstiens, 
G., (eds.), Plant Cuticles: An Integrated Functional Approach, pp. 201-222. 
Bios Press, Oxford, UK. 
Eigenbrode, S. D. and Espelie, K. E. (1995). Effect of plant epicuticular lipids on 
insect herbivores. Annual Review of Entomology, 40, 171-194. 
El-Wakeil, N., Shalaby, S., Abdou, G. and Sallam, A. (2013). Pesticide-Residue 
Relationship and Its Adverse Effects on Occupational Workers, Insecticides - 
Development of Safer and More Effective Technologies. Stanislav, T. (eds.), 
pp. 57-81. InTech.  
Elzen, G. W. (1989). Sublethal effects of pesticides on beneficial parasitoids, in 
Pesticides and non target invertebrates. In: Jepson, P. C. (eds.), pp. 129-150. 
Intercept Ltd, Wimborne, Dorset, UK. 
Emden, H. F. V. (1969). The differing reactions of Brevicoryne and Myzus to leaf 
age, turgidity and soluble nitrogen in brassicas. Annals of Applied Biology, 
63, 324-326. 
 EPA (2009). What is a Pesticide? Environmental Protection Agency. Available: 
http://www.epa.gov/opp00001/about/. (Last accessed 2/5/2014). 
  
161 
 
Europeon commission (2014). Sustainable use of pesticides. Available:  
 http://ec.europa.eu/food/plant/pesticides/sustainable_use_pesticides/index_en.htm. 
(Last accessed 12/12/2014). 
Eziah, V. Y., Rose, H. A., Clift, A. D. and Mansfield, S. (2008). Susceptibility of four 
field populations of the diamondback moth Plutella xylostella L. (Lepidoptera: 
Yponomeutidae) to six insecticides in the Sydney region, New South Wales, 
Australia. Australian Journal of Entomology, 47, 355-360. 
Faithpraise, F. O., Idung, J., Chatwin, C. R., Young, R. C. D. and Birch, P. (2014). 
Targeting the Life Cycle Stages of the Diamond Back Moth (Plutella 
xylostella) with Three Different Parasitoid Wasps. International Journal of 
Biological, Veterinary, Agricultural and Food Engineering, 8, 516-524. 
FAO (2011). Food and Agriculture Organization. Available: 
http://faostat.fao.org/site/339/default.aspx. (Last accessed 20/9/2014). 
FAOSTAT (2011). Food and Agriculture Organization Statistical Database. Available: 
http://www.yara.co.uk/crop-nutrition/crops/vegetable-brassica/key-facts/world-
pro. (Last accessed 12/9/2014). 
FAO (2002). Food and Agriculture Organization. Available: 
http://www.fao.org/fileadmin/templates/wsfs/docs/expert_paper/How_to_Feed
_the_World_in_2050.pdf.  (Last accessed 26/11/2014). 
Feakin, S. D, (1973). Pest control in groundnuts. PANS Manual No. 2. London, UK: 
ODA. 
Flanders, K. L., Radcliffe, E. B. and Ragsdale, D. W. (1991). Potato leaf roll virus 
spread in relation to densities of Green peach aphid (Homoptera: Aphididae). 
Implications for management threshold for Minnesota seed potatoes. Journal 
Economic Entomology, 84, 1028-1036. 
 
  
162 
 
Flint, M. L. and Dreistadt, S. H. (1999). Natural enemies’ handbook. Clark, J. K. 
(eds.), The Illustrated Guide to Biological Pest Control. University of California 
Press. pp. 162. 
Foster, S. P., Devine, G. and Devonshire, A. L. (2007). Insecticide resistance. In 
Emden, F. V. and Harrington, R. (eds.), Aphids as crop pests. pp. 261-285. 
CABI, Wallingford, UK. 
Fowke, J. H., Fahey, J. W., Stephenson, K. K. and Hebert, J. R. (2001). Using 
isothiocyanate excretion as a biological marker of Brassica vegetable 
consumption in epidemiological studies: evaluating the sources of variability. 
Public Health Nutrition, 4, 837-46. 
Frank, S. D. (2010). Biological control of arthropod pests using banker plant 
systems: Past progress and future directions. Biological Control, 52, 8-16. 
Furlong, M. J, Wright, D. J. and Dosdall, L. M. (2013). Diamondback moth ecology 
and management: problems, progress and prospects. Annual Review of 
Entomology, 58, 517-541. 
Furlong, M. J. and Wright, D. J. (1993). Effect of the acylurea insect growth regulator 
teflubenzuron on the endo-larval stages of the hymenopteran 
parasitoids Cotesia plutellae and Diadegma semiclausum in a susceptible and 
an acylurea-resistant strain of Plutella xylostella. Pesticide Science, 39, 305-
312.  
Furlong, M. J. and Zalucki, M. P. (2010). Exploiting predators for pest management: 
the need for sound ecological assessment. Journal of Entomology, 135, 225-
236. 
Furlong, M. J. and Wright, D. J. (1994). Differential effects of the acylurea insect 
growth regulator teflubenzuron on the adults of two endolarval parasitoids of 
  
163 
 
Plutella xylostella, Cotesia plutellae and Diadegma semiclausum. Pesticide 
Science, 41, 359-364. 
Gardiner, M. M., Fiedler, A. K., Costamagna, A. C., Landis, D. A. (2011). Integrating  
Conservation biological control into IPM systems. In: Radcliffe, E. B., 
Hutchison, W. D. (eds.), Integrated Pest Management. pp. 151-162. 
Cambridge University Press, Cambridge, UK. 
Gaume, L., Gorb, S., Rowe, N. (2002). Function of epidermal surfaces in the 
trapping efficiency of Nepenthes alata pitchers. New Phytologist, 156, 479-
489. 
Gelernter, W. D. and Lomer, C. J. (2000). Success in biological control of above 
ground insects by pathogens. In: Biological Control: Measures of Success. 
Gurr, G. and Wratten, S.D. (eds.), pp. 297-322. Kluwer Academic Publisher, 
Dordrecht.  
Gill, H. K., Garg, H. and Gillett-Kaufman, J. L. (2013). Entomology and Nematology 
Department, University of Florida. Available:  
http://entnemdept.ufl.edu/creatures/veg/aphid/cabbage_aphid.htm. (Last 
accessed 05/01/2015). 
Gimnig, J. E., Vulule, J. M., Lo, T. Q., Kamau, L., Kolczak, M. S., Phillips-Howard, P. 
A., Mathenge, E. M., Ter-Kuile, F. O., Nahlen, B. L., Hightower, A. W. 
and Hawley, W. A. (2003). Impact of permethrin-treated bednets on 
entomological indices in an area of intense year-round malaria 
transmission. American Journal of Tropical and Medicine Hygiene, 68, 16-22. 
Godfrey, L. D. (1997). Potato aphids (Myzus persicae, Macrosiphum euphorbiae). 
UC Pest Management Guidelines. University of California, Statewide 
Integrated Pest Management Project, pp. 3.  
  
164 
 
Goh, H. G., Kim, J. H. and Han, M. W. (2001). Application of Aphidius colemani 
Viereck for control of the aphid in greenhouse. Journal of Asia-Pacific 
EntomoIogy, 4, 171-174. 
Gong, Y. J., Wang, Z. H., Shi, B. C., Kang, Z. J., Zhu, L., Jin, G. H. and Wei, S. J. 
(2013). Correlation between pesticide resistance and enzyme activity in the 
diamondback moth, Plutella xylostella. Journal of Insect Science, 13, 135. 
Gorb, E. V. and Gorb, S. N. (2002). Attachment ability of the beetle Chrysolina 
fastuosa on various plant surfaces. Entomologia Experimentalis et Applicata, 
105, 13-28. 
Goulart, R. M., Volpe, H. X. L., Vacari, A. M., Thuler, R. T., De Bortoli, S. A. (2012). 
Insecticide selectivity to two species of Trichogamma in three different hosts, 
as determined by IOBC/WPRS methodology. Pest Management Science, 68, 
240-244.  
Gu, X., Tian, S., Dehui, W. and Gao, F. (2010). Interaction between Short-Term Heat 
Pretreatment and Avermectin on 2nd Instar Larvae of Diamondback Moth, 
Plutella xylostella (Linn). Dose Response, 8, 270-283. 
Guerrieri, E., Poppy, G. M., Powell, W., Rao, R. and Pennacchio, F. (2002). Plant-to-
plant communication mediating in-flight orientation of Aphidius ervi. Journal of 
Chemical Ecology, 28, 1691-1703. 
Grafton-Cardwell, E. E., Godfrey, L. D., Chaney, W. E. and Bentley, W. J. (2005). 
Various novel insecticides are less toxic to humans, more specific to key 
pests. California Agriculture, 59, 29-34. 
Hagvar, E. B. and Hofsvang, T. (1991). Aphid parasitoids (Hymenoptera, 
Aphidiidae): biology, host selection and use in biological control. Biocontrol 
News and Information, 12, 13-41. 
  
165 
 
Hajek, A. E. (2004). Natural Enemies: An Introduction to Biological Control. pp. 297-
317. Cambridge University Press, Cambridge, UK. 
Hamilton, D. and Crossley, S. (2004). Pesticide Residues in Food and Drinking 
Water: Human Exposure and Risks. pp. 378. John Wiley & Sons, Ltd, 
Chichester, UK. 
Harcourt, D. G. (1962). Biology of cabbage caterpillars in eastern Ontario. 
Proceedings of the Entomological Society of Ontario, 93, 61-75. 
Harcourt, D. G. (1954). The biology and ecology of the diamondback moth, Plutella 
maculipennis, Curtis, in Eastern Ontario. PhD thesis. Cornell University., 
Ithaca, N.Y. pp. 107.  
Hardy, J. E. (1938). Plutella maculipennis (Curt): its natural and biological control in 
England. Bulletin of Entomological Research, 29, 342-372. 
Hare, J. D. (2002). Plant genetic variation in tritrophic interactions. Multitrophic Level 
Interactions. In: Tscharntke, T. and Hawkins, B. A. (eds.), pp. 8-43. 
Cambridge University Press, Cambridge, UK. 
Haseeb, M. and Amano, H. (2002). Effect of contact, oral and persistent toxicity of 
selected perticides on cotesia plutellae (Hym., Braconidae), a potential 
parasitoid of plutella xylostella (Lep., plutellidae). Journal of Applied 
Entomology, 126, 8-13. 
Haseeb, M., Liu, T. X. and Jones, W. A. (2004). Effects of selected insecticides on 
Cotesia plutellae, endoparasitoid of Plutella xylostella. BioControl, 49, 33-46. 
Haskell, P. T., McEwen, P., (1998). Ecotoxicology – Pesticides and Beneficial 
Organisms. 1st ed. pp. 7-18. Kluwer Academic Publishers, London.  
Hassan, S. A., Hafes, B., Degrande, P. E. and Herai, K. (1998). The side-effects of 
pesticides on the egg parasitoid Trichogramma cacoeciae Marchal (Hym., 
  
166 
 
Trichogrammatidae), acute dose-response and persistence tests. Journal of 
Applied Entomology, 122, 569-573. 
Haydock, P. P. J., Ambrose, E. L., Wilcox, A. and Deliopoulos, T. (2012). 
Degradation of the nematicide oxamyl under field and laboratory conditions. 
Nematology, 14, 339-352. 
Haynes, H. F. (1998). Sublethal effects of neurotoxic insecticides on insect behavior. 
Annual Review Entomology, 33, 149-168. 
He, L. M., Troiano, J., Wang, A. and Goh, K. (2008). Environmental Chemistry, 
Ecotoxicity, and Fate of Lambda-Cyhalothrin. Reviews of Environmental 
Contamination and Toxicology, 195, 71-91. 
He, Y. H., Zhao, J. W., Zheng, Y., Weng, Q. Y., Biondi,  A., Desneux, N. and Wu, K. 
(2013). Assessment of potential sublethal effects of various insecticides on 
key biological traits of the tobacco whitefly, Bemisia tabaci. International 
Journal of Biological Sciences, 9, 246-255.  
Heathcote, G. D. (1962). Suitability of some plant hosts for the development of the 
peach-potato aphid, Myzus persicae. Entomologia Experimentalis et 
Applicata, 5, 114-118. 
Henry, M. C., Assi, S. B., Rogier, C., Dossou-Yovo, J., Chandre, F., Guillet, P. and 
Carnevale, P. (2005). Protective efficacy of lambda-cyhalothrin treated nets in 
Anopheles gambiae pyrethroid resistance areas of Côte d'Ivoire. American 
Journal of Tropical Medicine and Hygiene, 73, 859-86. 
Hill, B. D., Richards, K. W. and Schaalje, G. B. (1984). Use of Dichlorvos Resin 
Strips to Reduce Parasitism of Alfalfa Leafcutter Bee (Hymenoptera: 
Megachilidae) Cocoons During Incubation. Journal of Economic Entomology, 
77, 1307-1312. 
  
167 
 
Hill, T.  A. and Foster, R. E. (2000). Effect of insecticides on the diamondback moth 
(Lepidoptera: Plutellidae) and its parasitoid Diadegma insulare (Hymenoptera: 
Ichneumonidae). Journal of Economic Entomology, 93, 763-768. 
Hirai, K. (1993). Recent trends of insecticide susceptibility in the brown plant hopper 
Nilaparvata lugens (Stal) (Homoptera: Delphacidae). Applied Entomology and 
Zoology, 28, 339-346. 
Ho, T. H. (1965). The Life-History and Control of the Diamond-back moth in Malaya. 
Bulletin / Division of agriculture. Ministry of agriculture and co-operatives 
Malaysia. Kuala Lumpur. pp. 26. 
Hodgson, E., (2010). A Textbook of Modern Toxicology. 4th (eds.), New Jersey and 
Canada: Wiley. pp. 672. 
Holland, J. M., Winder, L. and Perry, J. N. (2000). The impact of dimethoate on the 
spatial distribution of beneficial arthropods in winter wheat.  Annals Applied 
Biology, 136, 93-105. 
Holloway, P. J. and Jeffree, C. E. (2005). Epicuticular waxes. Encyclopedia of 
Applied Plant Sciences, 3, 1190-1204. 
Holmes, M. G. and Keiller, D. R. (2002). Effects of pubescence and waxes on the 
reﬂectance of leaves in the ultraviolet and photosynthetic wavebands: a 
comparison of a range of species. Plant Cell Environment, 25, 85-93. 
http://en.wikipedia.org/wiki/Projections_of_population_growth. (Last accessed 
26/11/2014). 
http://www.arthropodgenomes.org/wiki/Trichoplusia_ni#. (Last accessed 
27/11/2014). 
https://theaphidroom.files.wordpress.com/2012/02/aphid-life-cycle.jpg. (Last 
accessed 28/11/2014). 
  
168 
 
http://www.dfid.gov.uk/r4d/PDF/Outputs/CABI/CabbageManualPart1.pdf. (Last 
accessed 22/12/2010). 
Hull, H. M. (1970). Leaf structure as related to absorption of pesticides and other 
compounds. Residue Reviews, 31, 1-150.  
Iqbal, M. Ismail, F. and Wright, D. J. (1996). Loss of residual activity of abamectin on 
foliage against adult hymenopteran parasitoids. Entomophaga, 41, 117-124. 
Ismail, F. and Wright, D. J. (1991). Cross-resistance between acylurea insect growth 
regulators in a strain of Plutella xylostella L. (Lepidoptera: Yponomeutidae) 
from Malaysia. Pesticide Science, 33, 359-370.  
Jackson, J. E. (1997). Vegetable crop production in communal areas in 
Mashonaland East and Mashonaland West: Results of a Survey in 1988. In: 
Jackson, J. E., Turner, A. D. and Matanda, M. (eds.), Smallholder Vegetable 
Production in Zimbabwe. pp. 3-9. University of Zimbabwe Publications, 
Harare. 
Jenks, M. A., Tuttle, H. A., Eigenbrode, S. D. and Feldmann, K. A. (1995). Leaf 
epicuticular waxes of the eceriferum mutants in Arabidopsis. Plant Physiology, 
108, 369-77. 
Jepson, P. C. (1989). The temporal and spatial dynamics pesticide side effects on 
non-target invertebrates. In: Jepson, P. C. (eds.), Pesticides and non-target 
invertebrates. pp. 95-127. Intercept, Wimborne, UK. 
Jepson, P. C., Duffield, S. J., Thacker, J. M., Thomas, C. F. G. and Wiles, J. A. 
(1990). “Predicting the side effect of pesticides on beneficial invertebrates’’. 
Proceedings of the Brighton Crop Protection Conference, Pest and Diseases. 
pp. 957-962. BCPC, Farnham, Surrey, UK.  
  
169 
 
Jetter, R. and Schaffer, S. (2001). Chemical composition of the Prunus laurocerasus 
leaf surface. Dynamic changes of the epicuticular wax ﬁlm during leaf 
development. Plant Physiology, 126, 1725-1737. 
Johnson, M. W. and Tabashnik, B. E. (1999). Enhanced biological control through 
pesticide selectivity. In: Handbook of Biological Control: Principles and 
Applications of Biological Control. pp. 297-317. Academic Press, New York. 
Johnson, R. M., Pollock, H. S. and Berenbaum, M. R. (2009). Synergistic 
interactions between in-hive miticides in Apis mellifera. Journal of Economy 
Entomol, 102, 474–79. 
Jones, D. B., Giles, K. L., Berberet, R. C., Royer, T. A., Elliott, N. C. and Payton, M. 
E. (2003). Functional response of an introduced parasitoid and an indigenous 
parasitoid on greenbug at four temperatures. Environmental Entomology, 32, 
425-432. 
Joshi, F. L. and Sharma, J. C. (1974). New record of a braconid, Apanteles plutellae 
Kurdjumov parasitising the larvae of Plutella xylostella (L.) and Trichoplusia ni 
Hb. in Rajasthan. Indian Journal of Entomology, 36,160. 
Juniper, B. E. (1995). Waxes on plant surfaces and their interactions with insects. In: 
Hamilton, R. J. (eds.), pp. 157-174. Waxes: Chemistry, Molecular Biology and 
Functions, the Oily Press, Dundee, UK. 
Jutsum, A. R., Collins, M. D., Perrin, R. M., Evans, D. D., Davies, R. A. H. and 
Ruscoe, C. N. E. (1984). A novel pyrethroid insecticide. British Crop 
Protection Conference. Pests and diseases. pp. 19-22. Brighton, UK. 
Kalule, T. and Wright, D. J. (2005). Effect of cultivars with varying levels of 
resistance to aphids on development time, sex ratio, size and longevity of the 
parasitoid Aphidius colemani. Biological Control, 50, 235-246. 
  
170 
 
Kamel, A., Dosary, A., S., Ibrahim, S. and Mohammed, A. A. (2007). Degradation of 
the acaricides abamectin, flufenoxuron and amitraz on Saudi Arabian dates. 
Food Chemistry, 100, 1590-1593. 
Kaspi, R. and Parrella, M. P. (2005). Abamectin compatibility with the leafminer 
parasitoid Diglyphus isaea. Biological Control, 35, 172-179. 
Katagi, T. (2004). Photodegradation of Pesticides on Plant and Soil Surfaces. 
Review of Environmental Contamination Toxicology, 182, 1-18. 
Kavallieratos, N. G., Tomanović, Ž., Starý, P., Žikić, V. and Petrović, O. (2010). 
Parasitoids (Hymenoptera:Braconidae: Aphidiinae) attacking aphids feeding 
on Solanaceae and Cucurbitaceae crops in south eastern Europe: aphidiine-
aphid-plant associations and key. Annals of the Entomological Society of 
America, 103, 153-164. 
Kawazu, K., Shimoda, T. and Suzuki, Y. (2011). Effects of insecticides on the 
foraging behaviour and survival of Cotesia vestalis, a larval parasitoid of the 
diamondback moth, Plutella xylostella. Journal of Applied Entomology, 10, 
647–657. 
Kfir, R. (2005). The Impact of Parasitoids on Plutella xylostella Populations in South 
Africa and the Successful Biological Control of the Pest on the Island of St. 
Helena. Second International Symposium on Biological Control of Arthropods. 
pp. 132-141. Davos, Switzerland - September 12-16. 
Kfir, R. (1997). The diamondback moth with special reference to its parasitoids in 
South Africa. In: Sivapragasam, A., Loke, W. H., Hussan, A. K. and Lim G. S. 
(eds.), The management of diamondback moth and other crucifer pests: 
Proceedings of the Third International Workshop, Kuala Lumpur, Malaysia, 
pp. 54-60. Malaysian Agricultural Research Institute, October 1996. 
  
171 
 
Kfir, R. and Thomas, J. (2001). Biological control of diamondback moth on St. 
Helena Island with parasitoids supplied by the ARC- PPRI. Biocontrol News 
and Information, 59, 12-13.  
Kilin, D., Nagata, T. and Masuda, T. (1981). Development of carbamate resistance in 
the brown planthopper, Nilaparvata lugens (Stal). Applied Entomology and 
Zoology, 16, 1-6. 
Kim, J. S., Kim, T. H. and Lee, S. G. (2005). Bionomics of the green peach aphid 
(Myzus persicae Sülzer) adults on Chinese cabbage (Brassica campestris). 
Korean Journal Applied Entomology, 44, 213-217. 
Kirkwood, R. C. (1999). Recent developments in our understanding of the plant 
cuticle as a barrier to the foliar uptake of pesticides. Pesticide Science, 55, 
69-77. 
Kirkwood, R. C., McKay, I. and Livingstone, R. (1982). The use of model systems to 
study the cuticular penetration of 14C-MCPA and 14CMCPB. In: Cutler, D. F., 
Alvin, K. L. and Price, C. E. (eds.), the Plant Cuticle. pp. 253-266. Academic 
Press, London, UK. 
Koch, K., Christoph, N., Hans, J. R. E. and Wilhelm, B. (2004). Self assembly of 
epicutular waxes on living plant surfaces image by automic force microscopy 
(AFM). Journal of Experimental Botany, 55, 711-718. 
Kolattukudy, P. E. (1996). Biosynthetic pathways of cutin and waxes, and their 
sensitivity to environmental stresses. In: Plant Cuticles, Kerstiens, G. (eds.), 
pp. 83-108. BIOS Scientific Publishers Ltd., Oxford, UK.  
Koul, O. and Cuperus, G. W. (2007). Ecologically Based Integrated Pest 
Management. pp. 462. CAB International, UK.  
Kunkel, B. A. Held, D. W. and Potter, D. A. (2001). Lethal and Sublethal Effects of 
Bendiocarb, Halofenozide, and Imidacloprid on Harpalus pennsylvanicus 
  
172 
 
(Coleoptera: Carabidae) Following Different Modes of Exposure in Turfgrass. 
Journal of Economic Entomology, 94, 60-67. 
Kuroli, G. and Lantos, Z. S. (2006). Long-term study of alate aphid flight activity and 
abundance of potato colonizing aphid species. Acta Phytopathologica et 
Entomologica Hungarica, 41, 261-273. 
Lasota, J. A. and Dybas, R. A. (1990). Abamectin as a pesticide for agricultural use. 
Acta Leiden, 59, 217-25. 
Lasota, J. A. and Dybas, R. A. (1991). Avermectins, a novel class of compounds: 
Implications for use in arthropod pest control. Annual Review of Entomology, 
36, 91-117. 
Leistra, M., Zweers, A. J., Warinton, J. S., Crum, S. J., Hand, L. H., Beltman, W. H. 
and Maund, S. J. (2004), Fate of the insecticide lambda-cyhalothrin in ditch 
enclosures differing in vegetation density. Pesticide Management Science, 
60, 75–84. 
Liu, B. and Sengonca, C. (2003). Conjugation of δ-endotoxin from Bacillus 
thuringiensis with abamectin of Streptomyces avermitilis as a new type of 
biocide, GCSC-BtA, for control of agricultural insect pests. Anzeiger für 
Schädlingskunde, 76, 44-49. 
Liu, T. X. and Zhang, Y. (2012). Side effects of two reduced-risk insecticides, 
indoxacarb and spinosad, on two species of Trichogramma 
(Hymenoptera:Trichogrammatidae) on cabbage. Ecotoxicology, 21, 2254-
2263. 
Liu, T. X., Sparks, A. N., Chen, W., Liang, G. M. and Brister, C. (2002). Toxicity, 
persistence and efficacy of indoxacarb on Cabbage Looper (Lepidoptera: 
Noctuidae) on cabbage. Journal of Economic Entomology, 95, 360-367. 
  
173 
 
Li, D., Schellhorn, N and Schmidt, O. (2007). Detection of parasitism in diamond 
bach moth, Plutella xylostella (L.), using differential melanisation and 
coagulation reactions. Bulletin of Entomological Research, 97, 399-405. 
Li, J. H., Zhao, F., Choi, Y. S., Kim, I., Sohn, H. D. and Jin, B. R. (2006). Genetic 
variation in the diamondback moth, Plutella xylostella (Lepidoptera: 
Yponomeutidae) in China inferred from mitochondrial COI gene sequence. 
European Journal of Entomology, 103, 605-611. 
Liu, Y. Q., Shi, Z. H., Zalucki, M. P. and Liu, S. (2014). Conservation biological 
control and IPM practices in Brassica vegetable crops in China. Biological 
Control, 68, 37-46. 
Liu, M. Y., Tzeng, Y. J. and Sun, C. N. (1981). Diamondback moth resistance to 
several synthetic pyrethroids. Journal of Economic Entomology, 74, 393-396. 
Liu, S. S. (1991). The inﬂuence of temperature on the population increase of Myzus 
persicae and Lipaphis erysimi. Acta Entomologica Sinica, 34, 189-197. 
Liu, S., Li, Y. and Tang, Z. (2004). Host resistance to an insecticide and selection at 
larval stage favour development of resistance in the parasitoid, Cotesia 
plutellae. In: Endersby, N. M. and Ridland, P. M. (eds.) The management of 
diamondback moth and other crucifer pests. Proceedings of the Fourth 
International Workshop. pp. 227-233. Melbourne, Australia: Department of 
Natural Resources and Environment. 
Liu, T. X., Irungu, R. W., Dean, D. A. and Harris, M. K. (2013). Impacts of spinosad 
and λ-cyhalothrin on spider communities in cabbage fields in south Texas. 
Ecotoxicology, 22, 528-537. 
Liu, Y. B., Tabashnik, B. E., Masson, L., Escriche, B. and Ferre´, J. (2000). Binding 
and toxicity of Bacillus thuringiensis protein Cry1C to susceptible and resistant 
  
174 
 
diamondback moth (Lepidoptera:Plutellidae). Journal of Economical 
Entomology, 93, 1-6. 
Longley, M. (1999). A review of pesticide effects upon immature aphid parasitoids 
within mummified hosts. International Journal Pest Management, 45,139-145.  
Longley, M. and Jepson, P. C. (1996). Effects of honeydew and insecticide residues 
on the distribution of foraging aphid parasitoids under glasshouse and field 
conditions. Entomologia Experimentalis et Applicata, 81, 189-198.  
Longley, M. and Stark, J. D. (1996). Analytical techniques for quantifying direct, 
residual, and oral exposure of an insect parasitoid to an organophosphate 
insecticide. Bulletin of Environmental Contamination Toxicology, 57, 683-690. 
Longley, M., Jepson, P. C., Izquierdo, J. and Sotherton, N. (1997). Temporal and 
spatial changes in aphid and parasitoid populations following applications of 
deltamethrin in winter wheat. Entomologia Experimentalis et Applicata, 83, 41-
52. 
Lu, Z. Q., Chen, L. F. and Zhu, S. D. (1988). Studies on the effect of temperature on 
the development, fecundity and multiplication of Plutella xylostella L. Insect 
Knowledge, 25,147-49. 
MacGillivray, M. E. and Anderson, G. B. (1964). The effect of photoperiod and 
temperature on production of gamic and agamic forms in Macrosiphum 
euphorbiae (Thomas). Canadian Journal of Zoology, 42, 491-510. 
Macharia, I., Löhr, B. and De Grooteb, H. (2005).  Assessing the potential impact of 
biological control of Plutella xylostella (diamondback moth) in cabbage 
production in Kenya. Crop Protection, 24, 981-989. 
Malais, M. H. and Ravensberg, W. J. (2003). Knowing and recognizing, the biology 
of glasshouse pests and their natural enemies. Reed Business Information, 
Doetinchem, Netherlands, pp. 228.  
  
175 
 
Manyangarirwa, W., Turnbull, M., Mccutcheon, G. S. and Smith, J. P. (2006). “Gene 
pyramiding as a Bt resistance management strategy: How sustainable is this 
strategy?” African Journal of Biotechnology, 5, 781-785 
Mason, P. G. and Huber, J. T. (2002). Biological Control Programmes in Canada, 
1981-2000. CAB International, Wallingford, UK, pp. 608.  
Matthews, G. A. (2006). Pesticides: Health, Safety and the Environment. Wiley-
Blackwell, UK, PP. 248. 
Matthews, G. A., Bateman, R. and Miller, P. (2014). Pesticide Application Methods, 
4th (eds.), Wiley-Blackwell, UK, pp. 536.  
McCann, S. F., Annis, G. D., Shapiro, R., Piotrowski, D. W., Lahm, G. P., Long, J. K., 
Lee, K. C., Hughes, M. M., Myers, B. J., Griswold, S. M., Reeves, B. 
M., March, R. W., Sharpe, P. L., Lowder, P., Barnette, W. E. and Wing, K. D. 
(2001). The discovery of indoxacarb: oxadiazines as a new class of 
pyrazoline-type insecticides. Pesticide Management Science, 57, 153-164. 
McCann, R. S., Messina, J. P., MacFarlane, D. W., Bayoh, M. N., Vulule, J. M., 
Gimnig, J. E. and Walker, E. D. (2014). Modeling larval malaria vector habitat 
locations using landscape features and cumulative precipitation measures. 
International Journal of Health Geographics, 13, 1-12. 
McDonald, R. E., Nordby, H. E. and McCollum, T. G. (1993). Epicuticular wax 
morphology and composition are related to grapefruit chilling Injury. 
Horticulture Science, 28, 311-313. 
McWhorter, C. G. (1985). The physiological effects of adjuvants on plants, Weed 
Physiology. In: Duke, S. O. (eds.), pp.141-158. CRC press, Boca Raton.  
Meusel, I., Leistner, E. and Barthlott, W. (1994). Chemistry and micromorphology of 
compound epicuticular wax crystalloids (Strelitzia type). Plant Systematics 
and Evolution, 193, 115-123.  
  
176 
 
Meusel, I., Neinhuis, C., MarkstaÈdter, C. and Barthlott, W. (1999). Ultrastructure, 
chemical composition, and recrystallization of epicuticular waxes: transversely 
ridged rodlets. Canadian Journal of Botany, 77, 706-720. 
Meusel, I., Neinhuis, C., MarkstaÈdter, C. and Barthlott, W. (2000). Chemical 
composition and recrystallization of epicuticular waxes: coiled rodlets and 
tubules. Plant Biology, 2, 1-9.  
Milne, W. M. (1999). Evaluation of the establishment of Aphidius ervi Haliday 
(Hymenoptera: Braconidae) in lucerne aphid populations in New South Wales. 
Australian Journal of Entomology, 38, 145-147. 
Minks, A. K. and Harrewijn, P. (1987). Aphid: their biology, natural enemy and 
control. Elsevier.  Amsterdam, pp. 450. 
Mohamad, R. B., Ibrahim, Y. B. and Cheong, C. W. (1979). Field Efficacy of Several 
Selected Insecticides against the Diamondback moth, Plutella xylostella (L) 1, 
on Cabbage, Brassica oleracea var. capitata (L), in the Lowland of Malaysia. 
Pertanika, 2, 84-88. 
Moore, B. (2010). "Great white butterfly found in Nelson". Nelson Mail. Retrieved 18 
December 2012. Available: http://www.stuff.co.nz/nelson-
mail/news/3823358/Great-white-butterfly-found-in-Nelson. (Last accessed 
6/12/2014). 
Mushtaq, M. and Mohyuddin, A. (1987). Apanteles plutellae Kurdjumov (Braconidae: 
Hymenoptera), an effective parasite of diamondback moth, in Pakistan. 
Pakistan Journal of Zoology, 19, 341-348. 
Narahashi, T. (1996). Neuronal Ion Channels as the Target Sites of Insecticides. 
Pharmacology & Toxicology, 79, 1-14. 
  
177 
 
Navarro, S., Vela, N.  and Navarro, G. (2007). Review. An overview on the 
environmental behaviour of pesticide residues in soils. Spanish Journal of 
Agricultural Research, 5, 357-375. 
Nauen, R. and Bretschneider, T. (2002). New modes of action of insecticides. 
Pesticide Outlook, 13, 241-245. 
Nigg, H. N., Albrigo, L. G., Nordby, H. E. and Stamper, J. H. (1981). A Method for 
Estimating Leaf Compartmentalization of Pesticides in Citrus. Journal of 
Agricultural and Food Chemistry, 29, 750-756. 
Othman, N. (1982). Biology of Crocidolomia binotalis [Zeller] (Lepidoptera: Pyralidae) 
and its Parasites from Cipanas Area (West Java). PhD thesis BIOTROP. 
SEAMEO Regional Center for Tropical Biology, Bogor, Indonesia. 
Ovsyannikova, E. I., Grichanov, I. Y. and Saulich, M. I. (2004). Area of distribution 
and damage of Plutella xylostella (L.). Interactive Agricultural Ecological Atlas 
of Russia and Neighbouring countries. Available:  
http://www.agroatlas.ru/en/content/pests/Plutella_maculipennis/map/. (Last 
accessed 12/12/2014).  
Peccoud, J., Simon, J., von Dohlen, C., D‟acier, A. C., Plantegenest, M., 
Vanlerberghe-Masutti, F. and Jousselin, E. (2010). Evolutionary history of 
aphid-plant associations and their role in aphid diversification. Comptes 
Rendus Biologies, 333, 474-487. 
Pimentel, D. (2009). Pesticides and pest control. In: Integrated Pest Management: 
Innovation-Development Process. Rajinder, P. and Dhawan, A. (eds.), pp. 83-
87. Springer, Netherland. 
Pimentel, D. (2005). Environmental and economic costs of the application of 
pesticides primarily in the United States. Environmental Development and 
Sustainability, 7, 229-252. 
  
178 
 
Planes, L., Catalan, J., Tena, A., Porcuna, J. L. and Jacas, J. A. (2013). Lethal and 
sublethal effects of spirotetramat on the mealybug destroyer, Cryptolaemus 
montrouzieri. Journal of Pesticide Sciences, 86, 321-327. 
Prasanna, L., Rao, S. M., Singh, V., Kujur, R. and Gowrishankar, (2008). Indoxacarb 
poisoning: An unusual presentation as methemoglobinemia. Indian Journal of 
Critical Care and Medecine, 12, 198-200. 
Radcliffe, E. B. and Ragsdale, D. W. (2002). Aphid-transmitted potato viruses: the 
importance of understanding vector biology. American Journal of Potato 
Research, 79, 353-386. 
Radcliffe, T. (1998). Insecticidal control of green peach aphid. Aphid Alert. Published 
cooperatively by Department Of Entomology and Plant Pathalogy. College of 
Agriculture Food & Environmental Sciences, University of Minnesota. Service 
and the State Seed Potato Program of the states of Minnesota and North 
Dakota, pp. 1-7. 
Raymond, B., Wright, D. J., Crickmore, N., Bonsall, M. B.  (2013). The impact of 
strain diversity and mixed infections on the evolution of resistance to Bacillus 
thuringiensis.  Proceedings of the Royal Society B, 280, 1-9. 
Raymond-Delpech, V., Matsuda, K., Sattelle, B. M., Rauh, J. J. and Sattelle, D. B. 
(2005). Ion channels: molecular targets of neuroactive insecticides. 
Invertebrate Neurosciences, 5, 119-133. 
Rauf, A., Prijono, D. and Dadang, R. D. A. (2004). Survey of pest control practices of 
cabbage farmers in West Java, Indonesia. Report for CIMBAA Initiative. 
Bogor, Indonesia: Bogor Agricultural University, pp. 54. 
Reed, D. A., Palumbo, J. C., Perring, T. M and May, C. (2013). Bagrada 
hilaris (Hemiptera: Pentatomidae), An Invasive Stink Bug Attacking Cole 
  
179 
 
Crops in the Southwestern United States. Journal of Integrated Pest 
Management, 4, 1-7. 
Reynhardt, E. C. (1997). The role of hydrogen bonding in the cuticular wax of 
Hordeum vulgare L. European Biophysics Journal, 26, 195-201. 
Riccio, R. Trevisan, M. and Capri, E. (2006). Effect of surface waxes on the 
persistence of chlorpyrifos-methyl in apples, strawberries and grapefruits. 
Food Additives and Contaminants, 23, 683-692.  
Ridland, P. M. and Endersby, N. M. (2011). Some Australian populations of 
diamondback moth, Plutella xylostella (L.) show reduced susceptibility to 
fipronil. In: Srinivasan, R., Shelton, A. M. and Collins, H. L. (eds.), Sixth 
international workshop on management of the diamondback moth and other 
crucifer insect pests. pp. 21-25. Nakhon Pathom, Thailand. 
Riederer, M. and Schönher, J. (1988). Covalent binding of chemicals to plant 
cuticles: Quantitative determination of epoxide contents of cutins. Archives of 
Environmental Contamination and Toxicology, 17, 21-25. 
Riederer, M. and Schreiber, L. (1995). Waxes the transport barriers of plant cuticles. 
In: Hamilton, R. J. (eds.), Waxes: chemistry, molecular biology and functions. 
pp. 131-156. Dundee: The Oily Press. 
Riederer, M. and Schreiber, L. (2001). Protecting against water loss: analysis of the 
barrier properties of plant cuticles. Journal of Experimental Botany, 52, 2023-
2032. 
Rincon, C., Bordat, D., Löhr, B. and Dupas, S. (2006). Reproductive isolation and 
differentiation between five populations of Cotesia plutellae (Hymenoptera: 
Braconidae), parasitoid of Plutella xylostella (Lepidoptera: Plutellidae). 
Biological Control, 36, 171-182. 
  
180 
 
Robert, Y. (1992). Prospects for improving potato crop protection against aphid 
vectors. Netherland Journal of PIand Pathology, 98, 37-45. 
Roland, J. and Embree, D. G. (1995). Biological control of the winter moth. Annual 
Review of Entomology, 40, 475-492. 
Roubos, C. R., Rodriguez-Saona, C., Holdcraft, R., Mason, K. S. and Isaacs, R. 
(2014). Relative Toxicity and Residual Activity of Insecticides Used in 
Blueberry Pest Management: Mortality of Natural Enemies. Journal of 
Economic Entomology, 107, 277-285.  
Ruberson, J. R. and Tillman, P. G. (1999). Effect of selected insecticides on natural 
enemies in cotton: laboratory studies. In: Dugger, P. and Richter, D. (eds.), 
Proceedings Beltwide Cotton Conferences, pp. 1210-1213. Orlando, Florida, 
USA.  
 Samuels, L., Kunst, L. and Jetter, R. (2008). Sealing Plant Surfaces: Cuticular Wax 
Formation by Epidermal Cells.  Annual Review of Plant Biology, 59, 683-707. 
Santos, V. C., de Siqueira, H. A., da Silva, J. E. and de Farias, M. J. (2011). 
Insecticide resistance in populations of the diamondback moth, Plutella 
xylostella (L.) (Lepidoptera: Plutellidae), from the state of Pernambuco, Brazil. 
Neotropical Entomology, 40, 264-270. 
Sarfraz, M., Keddie, B. A. and Dosdall, M. L. (2005). Biological control of the 
diamondback moth, Plutella xylostella: A Review. Biocontrol Science and 
Technology, 15, 763-789. 
Sarfraz, M. and Keddie, B. A. (2005). Conserving the efficacy of insecticides against 
Plutella xylostella (L.) (Lepidoptera: Plutellidae). Journal of Applied 
Entomology, 129, 149-157. 
  
181 
 
Sarfraz. M., Dosdall, L. M. and Keddie, B. A. (2006). Diamondback moth-host plant 
interactions: im‐plications for pest management. Crop Protection, 25, 625-
639. 
Sastrosiswojo, S. and Sastrodihardjo, S. (1986). Status of biological control of 
diamondback moth by introduction of parasitiod Diadegma eucerophaga in 
Indonesia. In Talekar, N. S. and Griggs, T. D. (eds.), Diamondback Moth 
Management: Proceedings of the First International Workshop, pp.185-194. 
Asian Vegetable Research and Development Centre, Shanhau, Taiwan. 
Saw, J., Endersby, N. M. and McKechnie, S. W. (2006). Low mtDNA diversity among 
widespread Australian diamondback moth Plutella xylostella (L.) suggests 
isolation and a founder effect. Insect Science, 13, 365-373.  
Sayyed, A. H. and Wright, D. J. (2006). Genetics and evidence for an 
esterase-associated mechanism of resistance to indoxacarb in a field 
population of diamondback moth (Lepidoptera: Plutellidae). Pest Management 
Science, 62, 1045-1051. 
Sayyed, A. H., Omar, D. and Wright, D. J. (2004). Genetics of spinosad resistance in 
a multi-resistance field selected population of plutella xylostella. Pest 
Management Science, 60, 827-832. 
Sayyed, H. A., Haward, R., Herrero, S., Juan, F. and Wright, D. J. (2000). Genetic 
and biochemical approach for characterization of resistance to Bacillus 
thuringiensis toxin Cry1Ac in a field population of the Diamondback moth, 
Plutella xylostella. Applied Environmental Microbiology, 66, 1509-1516. 
Schönher, J. (1976). Water permeability of isolated cuticular membranes: the effect 
of cuticular waxes on diffusion of water. Planta, 131, 159-164. 
Schönher, J. (1982). Resistance of plant surfaces to water loss: transport properties 
of cutin, suberin and associated lipids. In: Lange, O. L., Nobel, P. S., Osmond, 
  
182 
 
C. B. and Ziegler, H. (eds.), Encyclopñdia of plant physiology, New Series, pp. 
153-179. Berlin: Springer. 
Schönher, J. and Baur, P. (1994). Modelling penetration of plant cuticles by crop 
protecting agents (CPA) and effects of adjuvants on rates of penetration. 
Pesticide Science, 42, 185-208. 
Schreiber, L. (2002). Copermeability of 3H-labelled water and 14C-labelled organic 
acids across isolated Prunus laurocerasus cuticles: effect of temperature on 
cuticular paths of diffusion. Plant Cell and Environment, 25, 1087-1094. 
Schreiber, L. (2005). Polar path of diffusion across plant cuticle: New evidence for an 
old hypothesis. Annals of Botany, 95, 1069-1073. 
Scott, L. and Zane, S. (1980). Selective Toxicity of Pirimicarb, Carbaryl and 
Methamidophos to Green Peach Aphid, (Myzus persicae) (Sulzer), 
Coleomegilla maculata lengi (Timberlake) and Chrysopa oculata Say. 
Environmental Entomology, 9, 752-755. 
Scudder, S. H. (1887). "The introduction and spread of Pieris rapae in North 
America, 1860–1886". pp. 53-69. Boston Society of Natural History, USA. 
Seenivasan, S. and Muraleedharan, N. N. (2009). Residues of lambda-cyhalothrin in 
tea. Food and Chemical Toxicology, 47, 502-505. 
Sharma, A., Srivastava, A., Ram, B. and Srivastava, P. C. (2007). Dissipation 
behaviour of spinosad insecticide in soil, cabbage and cauliflower under 
subtropical conditions. Pest Management Science, 63, 1141-1145. 
Shelton, A. M. (2001). Management of the diamondback moth: déjà vu all over 
again? In: Endersby, N. M. and Ridland, P. M. (eds.), Proceedings of the 
fourth international workshop on the management on the diamondback moth 
and other crucifer pests. pp. 3-8. Melbourne, Australia. 
  
183 
 
Shepherd, T.  and Griffiths, D. W. (2006). The effects of stress on plant cutIcular 
waxes. Tansley Review, 171, 469-499. 
Shi, Z. H., Guo, S. J., Lin, W. C. and Liu, S. S. (2004). Evaluation of selective toxicity 
of five pesticides against Plutella xylostella (Lep: Plutellidae) and their side-
effects against Cotesia plutellae (Hym: Braconidae) and Oomyzussokolowskii 
(Hym: Eulophidae). Pesticide Management Science, 60, 1213-1219. 
Shi, Z. H., Liu, S. S. and Li, Y. X. (2001). Cotesia plutellae parasitizing Plutella 
xylostella Host age dependent parasitism and its effect on host development 
and food consumption. Journal of Biology Control, 47, 499-511. 
Sibanda, T., Dobson, H. M., Cooper, J. F., Manyangarirwa, W. and Chiimba, W. 
(2000). Pest management challenges for smallholder vegetable farmers in 
Zimbabwe. Crop Protection, 19, 807-815. 
Sivapragasa, A. and Chua, T. H. (1997). Natural Enemies for the Cabbage 
Webworm, Hellula undalis (Fabr.) (Lepidoptera: Pyralidae) in Malaysia. 
Researches on Population Ecology, 39, 3-10. 
Smith, T. J. and Villet, M. H. (2004). Parasitoids associated with the diamondback 
moth, Plutella xylostella (L.), in the Eastern Cape, South Africa. In: Endersby, 
N. M. and Ridland, P. M. (eds.), the management of diamondback moth and 
other crucifer pests. Proceedings of the Fourth International Workshop, 
Melbourne. pp. 249-253. Melbourne, Australia, Department of Natural 
Resources and Environment. 
Soomro, A. M., Seehar, G. M., Bhangar, M. I. and Channa, N. A. (2008). Insecticides 
in the blood samples of spray-workers at agriculture environment: The 
toxilogical evaluation. Pakistan Journal Analytical and Environmental 
Chemistry, 9, 32-37. 
  
184 
 
Soudamini, M., Ahuja, A. K., Deepa, M., Jagdish, G. K., Rashmi, N. and Debi, S. 
(2009). Studies on Abamectin Residues in Cabbage. Indian Journal of Plant 
Protection, 37, 74-77. 
Sparks, T. C., Crouse, G. D. and Durst, G. (2001). Natural products as insecticides: 
the biology, biochemistry and quantitative structure-activity relationships of 
spinosyns and spinosoids. Pesticide Management Science, 57, 896-905. 
Spencer, K. A. 1973. Agromyzidae (Diptera) of economic importance. Series 
Entomologica, In: Dr. W. Junk, B. V. (eds.), The Hague, Netherland. pp. 418. 
Stapel, J. O., Cortesero, A. M. and Lewis, W. J. (2000). Disruptive sub lethal of 
insecticides on biological control: altered foraging ability and life span of a 
parasitoid after feeding on extrafloral nectar of cotton treated with systemic 
insecticides. Biological Control, 17, 243-249. 
Stara, J., Ourednickova, J. and Kocourek, F. (2011). Laboratory evaluation of the 
side effects of insecticideson Aphidius colemani (Hymenoptera: Aphidiidae), 
Aphidoletes aphidimyza (Diptera: Cecidomyiidae), and Neoseiulus cucumeris 
(Acari: Phytoseidae). Journal of Pesticide Science, 84, 25-31. 
Stark, J. D. and Banks, J. E. (2003). Population-level effects of pesticides and other 
toxicants on arthropods. Annual Review of Entomology, 48, 505-519. 
Stark, R. E. and Tian, S. (2006). Biology of the Plant Cuticle. In: Riederer, M. and 
Müller, C. (eds.), the Cutin Biopolymer Matrix, in Annual Plant Reviews, 
Blackwell Publishing Ltd, Oxford, UK.  
Starner, K. (2007). Assessment of acute aquatic toxicity of current use pesticides in 
California, with monitoring recommendations. Department of Pesticide 
Regulation.  
  
185 
 
Available: http://www.cdpr.ca.gov/docs/emon/surfwtr/policies/starner_sw01.pdf. (Last 
accessed 25/5/2014). 
Starý, P. (1975). Aphidius colemani Viereck: its taxonomy, distribution and host 
range (Hymenoptera,  Aphidiidae). Acta Entomology Bohemoslov, 72, 156-
163. 
Staley, J. T., Girling, R. D., Stewart-Jones, A., Poppy, G. M., Leather, S. R. and 
Wright, D. J. (2011). Organic and conventional fertilizer effects on a tritrophic 
interaction: parasitism, performance and preference of Cotesia 
vestalis. Journal of Applied Entomology, 135, 658-665. 
Stavrinides, M. C. and  Mills, N. J. (2009). Demographic effects of pesticides on 
biological control of Pacific spider mite (Tetranychus pacificus) by the western 
predatory mite (Galendromus occidentalis). Biological Control, 48, 267-273. 
Studebaker, G. E. and Kring, T. J. (1999). Lethal and sub-lethal effects of selected 
insecticides on Orius insidiosus. In: Dugger, P. and Richter, D. (eds.), 
Proceeding Beltwide Cotton Conference, Orlando, pp. 1203-1204. National 
Cotton Council, Memphis. 
Studebaker, G. E. and Kring, T. J. (2003). Effect of insecticides on Orius insidiosus 
(Hemiptera: Anthocoridae), measured by field, greenhouse and petri dishes 
bioassays. Florida Entomologist, 86, 178-185. 
Suss, L. (1983). Survival of pupal stage of Aphidius ervi Hal in mummified Sitobion 
avenae F to pesticide treatment. Aphid antagonists. In: Cavalloro, R. (eds.), 
pp. 129-134. Balkema, Rotterdam, the Netherlands. 
Taillebois, E., Beloula, A., Quinchard, S., Jaubert-Possamai, S., Daguin, A., Servent, 
D., Tagu, D., Thany, S. H. and Tricoire-Leignel, H. (2014). Neonicotinoid 
Binding, Toxicity and Expression of Nicotinic Acetylcholine Receptor Subunits 
in the Aphid Acyrthosiphon pisum. PLoS ONE, 9, 1-10.  
  
186 
 
Takahashi, S., Hajika, M., Takabayashi, J. and Fufui, M. (1990). Oviposition 
stimulants in the coccoid cuticular waxes of Aphytis yanonensis De Bach and 
Rosen. Journal of Chemical Ecology, 16, 1657-1682. 
Talekar, N. and Hu, W. (1996). Characteristics of parasitism of Plutella Xylostella 
(Lep., Plutellidae) by Oomyzus Sokolowskii (Hym., Eulophidae). 
Entomophaga, 41, 45-52. 
Talekar, N. S. and Shelton, A. M. (1993). Biology, ecology and management of the 
diamondback moth. Annual Review of Entomology, 38, 275-301. 
Talekar, N. S. and Yang, J. C. (1991). Characteristics of parasitism of diamondback 
moth by two larval parasites. Entomophaga. 36, 95-104. 
Tanaka, K., Endo, S. and Kazano, H. (2000). Toxicity of insecticide to predators or 
rice. Plant hoppers: spiders, the mired bug and the drynid wasp. Applied 
Entomology and Zoology, 35, 177-187. 
Tang, L., Gary, R., Zirpoli, V. J., Mary, E. R., Susan, E. M., Chukwumere, E. N., 
Yuesheng, Z., Christine, B. A. and Kirsten, B. M. (2010). Cruciferous 
vegetable intake is inversely associated with lung cancer risk among smokers: 
a case-control study. BMC Cancer, 10, 162.  
Thompson, G. D., Dutton, R. and Sparks, T. C. (2000), Spinosad – a case study: an 
example from a natural products discovery programme. Pesticide 
Management Science, 56, 696–702. 
Thompson, H. M. (2003). Behavioural effects of pesticides in bees: their potential for 
use in risk assessment. Ecotoxicology, 12, 317-30. 
Tillman, P. G. and Mulrooney, J. E. (2000). Effect of selected insecticides on the 
natural enemies Coleomegilla maculata and Hippodamia convergens 
(Coleoptera: Coccinellidae), Geocoris punctipes (Hemiptera: Lygaeidae), and 
Bracon mellitor, Cardiochiles nigriceps, and Cotesia marginiventris 
  
187 
 
(Hymenoptera: Braconidae) in cotton. Journal of Economic Entomology, 93, 
1638-43. 
Tilman, D., Cassman, K. G., Matson, P. A., Naylor, R. and Polasky, S. (2002). 
Agricultural sustainability and intensive production practices. Nature, 418, 
671-677.  
Tilman, D., Fargione, J., Wolff, B., D'Antonio, C., Dobson, A., Howarth, R., Schindler, 
D., Schlesinger, W. H., Simberloff, D. and Swackhamer, D. 
(2001). Forecasting agriculturally driven global environmental 
change. Science, 292, 281-284.  
Tomanovic, Ž., Kavallieratos, N. G., Starý, P., Stanisavljević, L. Ž., Ćetković, A., 
Stamenković, S., Jovanović, S. and Athanassiou, G. P. (2009). Regional 
tritrophic relationship patterns of five aphid parasitoid species (Hymenoptera: 
Braconidae: Aphidiinae) in agroecosystem-dominated landscapes of 
southeastern Europe. Journal of Economical Entomology, 102, 836-854. 
Tomanovic, Ž., Starý, P., Kavallieratos, N. G., Gagić, V., Plećaš, M., Janković, M., 
Rakhshani, E., Ćetković, A. and Petrović, A. (2012). Aphid parasitoids 
(Hymenoptera: Braconidae: Aphidiinae) in wetland habitats in western 
Palaearctic: key and associated aphid parasitoid guilds. Annual Society of 
Entomology, 48,189-198. 
Tomizawa, M. and Casida, J. E. (2005). Neconicotinoid insecticide toxicology: 
Mechanisms of Selective Action.  Annual Review of Pharmacology and 
Toxicology, 45, 247-268. 
Tomlin, C. D. S. (1997). The Pesticide Manual, 11th (eds.), pp. 300-302. British Crop 
Protection Council: Farnham, Surrey, UK. 
  
188 
 
 Theiling, K. M. and Croft, B. A. (1988). Pesticide side-effects on arthropod natural 
enemies: A database summary. Agriculture, Ecosystems & Environment, 21, 
191-218. 
UN DESA (2004). Monitoring global population trends, Available: 
http://www.un.org/en/development/desa/population/publications/pdf/trends/Wo
rldPop2300final.pdf. (Last accessed 28/9/2014). 
US EPA (2013). Federal Register: Indoxacarb; Pesticide Tolerance. Environmental 
Protection Agency, Availabile: http://www.gpo.gov/fdsys/pkg/FR-2013-12-
27/pdf/2013-30585.pdf. (Last accssed 28/9/2014). 
US EPA (2002). Consideration of the FQPA safety factor and other uncertainity 
factors in cumulative risk assessment of chemicals sharing a common 
mechanism of toxicity, Office of Pesticide Programs, Office of Prevention, 
Pesticides, and Toxic Substances. Washington, DC. Environmental Protection 
Agency, Available: 
http://www.epa.gov/pesticides/trac/science/APPS-10X-SF-for-CRA.pdf. (Last 
accessed 2/12/2014). 
Unruh, T.  and Willett, L. (2008). Survey for Resistance to Four Insecticides in Myzus 
persicae Clones from Peach Trees and Weeds in South-Central Washington. 
Journal of Economical  Entomology, 101, 1919-1926. 
Van Driesche, R. G. and Bellows, J. R. (1996). Biological control. Chapman and Hall, 
New York, pp. 539. 
Van Emden, H. F., Eastop, V. F., Hughes, R. D. and Way, M. J. (1969). The ecology 
of Myzus persicae. Annual Review of Entomology, 14, 197-270. 
Van Emden, H. F. and Harrington, R. (2007). Aphids as Crop Pests. CABI, 
Nosworthy Way, Wallingford, London, UK, pp. 717. 
  
189 
 
Van Lenteren, J. C. (2000). A greenhouse without pesticides: fact or fantasy. Crop 
Protection, 19, 375-384. 
Van Steenis, M. J. (1993). Suitability of Aphis gossypii, Macrosiphum euphorbiae 
and Myzus persicae as host for several aphid parasitoid species. International 
Organization for Biological and Integrated Control of Noxious Animals and 
Plants / West Palaearctic Regional Section Bulletin, 16, 157-160. 
Van Steenis, M. J. (1995), Evaluation of four aphidiine parasitoids for biological 
control of Aphis gossypii. Entomologia Experimentalis et Applicata, 75, 151-
157.   
Van Toor, R. F., Drayton, G. M., Lister, R. A. and Teulon, D. A. J. (2009). Targeted 
insecticide regimes perform as well as a calendar regime for control of aphids 
that vector viruses in seed potatoes in New Zealand. Crop Protection, 28, 
599-607. 
Vandekerkhove, B. and Clercq, P. D. (2004). Effect of an encapsulated formulation 
of lambda-cyhalothrin on Nezara Iridula and its predator Podisus 
Maculiventris (Heteroptera: Pentatomidae). Florida Entomologist, 87, 112-
118. 
Veire, A. D., Klein, M. and Tirry, M. L. (2002). Residual activity of abamectin and 
spinosad against the predatory bug Orius laevigatus. Phytoparasitica, 30, 
525-528. 
Verkerk, R. H. J. and Wright, D. J. (1997). Field-based studies with the diamondback 
moth tritrophic system in Cameron Highlands of Malaysia: implications for 
pest management. International Journal of Pest Management, 43, 27-33. 
Walorczyk, S., Drożdżyński, D., Kowalska, J., Remlein-Starosta, D., Ziółkowski, A., 
Przewoźniak, M. and Gnusowski, B. (2013). Pesticide residues determination 
  
190 
 
in Polish organic crops in 2007–2010 applying gas chromatography–tandem 
quadrupole mass spectrometry. Food Chemistry, 139, 482-487. 
Wajnberg, E. and Colazza, E. (2013). Chemical Ecology of Insect Parasitoids. John 
Wiley & Sons. The Autrium. West Sussex, UK, pp. 312. 
Waladde, S. M., Leutle, M. F. and Villet, M. H. (2001). Parasitism of Plutella 
xylostella (Lepidoptera: Plutellidae): Field and Laboratory Observations. South 
African Journal of Plant and Soil, 18, 32-37. 
Wali, M. A., Mustafa, T. and Al-mazra, A. (2007). Toxicity of selected insecticides to 
green peach aphid, Myzus persicae (Homoptera; Aphididae) and its 
parasitoids, Aphidius matricariae (Hymenoptera; Aphidiidae). Americal-
Eurasian. Journal of Agriculture and Environmental Science, 2, 498-503. 
Wanamarta, G. and Penner, D. (1989). Foliar absorption of herbicides. Review of 
Weed Science, 4, 215-231. 
Wang, D., Gong, P., Li, M., Qiu, X. and Wang, K. (2009). Sublethal effects of 
spinosad on survival, growth and reproduction of Helicoverpa 
armigera (Lepidoptera: Noctuidae). Pest Management Science, 65, 223-227.  
Wang, S. L., Sheng, C. F. and Qiao, C. L. (2005). Genetic variability of Plutella 
xylostella (Lepidoptera: Plutellidae) among five field populations in China. In: 
Proceedings of the 13th International Congress on Genes, Gene Families and 
Isozymes, pp. 29-33. Shanghai, China.  
Way, M. J. and Heong, K. L. (1994). The role of biodiversity in the dynamics and 
management of insect pests of tropic irrigated rice: a view. Bulletin of 
Entomological Research, 84, 567-587. 
Wennergren, U. and J. D. Stark. (2000). Modeling long-term effects of pesticides on 
populations: beyond just counting dead animals. Ecological Applications, 10, 
295-302. 
  
191 
 
Wei, S. J., Shi, B. C., Gong, Y. J., Jin, G. H. and Chen, X. X. (2013). Genetic 
Structure and Demographic History Reveal Migration of the Diamondback 
Moth Plutella xylostella (Lepidoptera: Plutellidae) from the Southern to 
Northern Regions of China. PLoS ONE, 8, 1-14. 
Willis, G. H. and McDowell, L. L. (1987). Pesticide persistence on foliage. Reviews of 
Environmental Contamination and Toxicology, 100, 23-73. 
 WHO (2013). International Code of Conduct on the Distribution and Use of 
Pesticides. World Health Organization, Geneva, Switzerland. 
 WHO (1990). Cyhalothrin, Environmental Health Criteria. World Health 
Organization, Geneva, Switzerland. 
 WHO (2009). International Code of Conduct on the Distribution and Use of 
Pesticides. World Health Organization, Geneva, Switzerland. 
Wright, D. A. and Welbourn, P. (2002). Environmental Toxicology. Cambridge 
University Press, Cambridge, U.K, pp. 631. 
Wrinn, K. M., Evans, S. C. and Rypstra, A. (2012). Predator cues and herbicide 
affect activity and emigration in agrobiont wolf spider. Chemosphere, 87, 390-
396. 
Xia, S. H., Miyata, T. and Gang, W. (2008). Effect of sublethal avermectin and 
fipronil treatments to host Plutella xylostella larvae on growth and 
development of the parasitoid wasp Cotesia plutellae. Acta Entomologica 
Sinica, 51, 269-276. 
Xing, K., Ma, C. S. and Han, J. C. (2013). Evidence of long distance migration of 
diamondback moth (DBM) Plutella xylostella: a review. Chinese Journal of 
Applied Ecology, 24, 1769-1776. 
Xu, J., Shelton, A. M. and Cheng, X. (2001). Variation in susceptibility of Diadegma 
insulare to permethrin. Journal of Economical Entomollogy, 94, 541-546. 
  
192 
 
Xu, Y. Y., Liu, T. X., Gary, L, Leibee, L. and Jones, A. W. (2004). Effetc of selected 
insecticides on Diadegma insulare (Hymenoptera: Ichneumonidae), a 
parasitoid of Plutella xylostella (Lepidoptera: Plutellidae). Biocontrol Science 
and Technology, 14, 713-723. 
Yuanxi, L., Shushing, L. and Vinquan, L. (2002). Lethal and sub-lethal effect of 
fenvalerate residue on adults of Cotesia plutellae. Acta phytophylacica sinica, 
29, 325-330. 
Yu, R. X., Shi, M., Huang, F. and Chen, X. (2008). Immature Development of 
Cotesia vestalis (Hymenoptera: Braconidae), an Endoparasitoid of Plutella 
xylostella (Lepidoptera: Plutellidae). Annals of the Entomological Society of 
America, 101, 189-196. 
Zhang, Y., Wang, L., Wu, K., Wyckhuys, K. A. G. and Heimpel, G. E. (2008). Flight 
Performance of the Soybean Aphid, Aphis glycines (Hemiptera: Aphididae) 
Under Different Temperature and Humidity Regimens. Environmental 
Entomology, 37, 301-306. 
Zhang, Y., Zhang, G. and Han, F. (2006). The spreading and superspeading 
behavior of new glucosamide-based trisiloxane surfactants on hydrophobic 
foliage. Colloids and Surfaces A: Physicochemical and Engineer Aspects, 
276, 100-106. 
Zhao, J. Z., Li, Y. X., Collins, H. L., Gusukuma, M. L., Mau, R. F. L. and Thompson, 
G. D. (2002). Monitoring and characterization of diamond back moth 
(Lepidoptera: Plutellidae) resistance to spinosad. Journal of Economic 
Entomology, 95, 430-436.  
Zhao, J. Z., Collins, H. L., Li, Y. X., Mau, R. F. L., Thompson, G. D., Hertlein, M., 
Andaloro, J. T., Boykin, R. and Shelton, A. M. (2006). Monitoring of 
  
193 
 
Diamondback Moth (Lepidoptera: Plutellidae) Resistance to Spinosad, 
Indoxacarb, and Emamectin Benzoate. Journal of Economic Entomology, 99, 
176-181. 
 
 
 
 
 
 
